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Abstract  
Bird strike poses a great hazard to aircraft components, such as the engine and 
windshield, during flight. Thus, it is critical to understand the impact resistance of key 
aircraft components under bird strike. During this PhD study, Aluminium Alloy 2024-
T3 and laminated glass interlayered with thermoplastic polyurethane (TPU), which are 
commonly used as the materials of aircraft fuselage and windshield respectively, are 
selected as impact target materials. Both laboratory-based experiments and finite 
element simulations are performed using a light gas gun and ABAQUS/EXPLICIT 
respectively. A good agreement is achieved between the experimental work and 
numerical predictions for the impact response. 
Two bird substitute materials were selected: RTV rubber and ballistic gelatine, whose 
dynamic pressure profiles are similar to that of a real bird during a high speed impact. 
Mechanical properties of both materials were investigated by conducting compression 
tests at quasi-static (0.25, 2.5 and 25 min-1) and intermediate rate (2760 min-1 to 22500 
min-1). As a result, the relationship between true stress and strain is obtained and 
constitutive equations are established using the hyperelastic models, i.e. the Ogden, 
Mooney-Rivlin and Neo-Hookean. The 3D Digital Image Correlation technique was 
employed in the gas gun test of the AA 2024-T3 and TPU interlayered laminated glass. 
Thus, the impact compliance of both targets from rubber and gelatine impacts are 
attained and found to be roughly equal for the same initial projectile momentum. An 
FE simulation was used to model the experimental process and was validated against 
the DIC results. Moreover, the Hugoniot pressure plays a predominant role in 
laminated glass fracture during the impact, with the rubber projectile leading to a larger 
damage than the gelatine projectile given the same momentum. This is because the 
shock wave speed in the rubber is larger than that in the gelatine projectile. 
A validated FE simulation is therefore presented, which can be used to simulate real 
bird impact on real aircraft structures in the future. Thus, this PhD work can be 
potentially implemented into industrial research programmes to aid design and 
optimisation. 
iii 
 
Acknowledgments  
I would like to express my deepest gratitude to my supervisor Dr Maria Charalambides. 
Without her excellent guidance, motivation, and great advice, this work simply could 
not have been accomplished. I would never forget her support, kindness and patience. 
I am also extremely grateful to Professor John Dear for his invaluable help and advice, 
especially helping to secure this PhD funding and great support throughout entire PhD 
period. Also, I would like to express my deepest appreciation for the help from Dr Iman 
Mohagheghian, who had assisted me with research advice and offered me academic 
support, from which I learnt a great deal from him. 
I want to thank Professor Yue Yan and his team, from Beijing Institute for Aeronautical 
Materials (AVIC - BIAM), to whom I am also grateful for their kind help in funding this 
PhD project and also for providing all the expensive test materials. 
I would like to acknowledge the extensive technical support provided by Dr David 
Townsend, Mr Suresh Viswanathan Chettiar, Dr Ruth Brooker, Mr Amit Choda, Dr Hari 
Arora whose skill and professionalism enabled the work reported here to go ahead. A 
great thank to all my colleagues at the Mechanics of Materials Division for their friendly 
technical and non-technical advices.  
I would like to thank my family without whom I could not reach this point. I am grateful 
to my parents for their endless support and patience throughout my PhD period. 
iv 
 
 
Contents 
 
 
Declaration of Originality ......................................................................................................... i 
Copyright Declaration ................................................................................................................. i 
Abstract .............................................................................................................................................. ii 
Acknowledgments ........................................................................................................................ iii 
Contents……………………………………………………………………………………………………………………………………….iv 
Nomenclature……………………………………..……………………………………………………………………………………vii 
Abbreviation………………………………………………………………………………………………………………………….....ix 
Chapter 1. Introduction ............................................................................................................. 1 
1.1. Project background ................................................................................................. 1 
1.2. Project aims and objectives .................................................................................... 4 
1.3. Project thesis structure outline ............................................................................... 6 
Chapter 2. Literature research .............................................................................................. 7 
2.1. Hydrodynamic theory .............................................................................................. 7 
2.2. Bird substitute materials ....................................................................................... 12 
2.3. Constitutive model of the bird body ..................................................................... 17 
2.4.1. Lagrangian approach ......................................................................................... 21 
2.4.2. Eulerian approach .............................................................................................. 22 
2.4.3. Smoothed Particle Hydrodynamics (SPH) approach .......................................... 24 
2.5. Material characterization tests of bird substitute materials ............................... 26 
2.5.1. Material characterization test of the ballistic gelatine .......................................... 26 
2.5.2. Material characterization tests of the RTV rubber ............................................... 29 
2.6. Investigation of soft impact loading on aircraft materials ................................... 31 
2.6.1. Bird strike studies on aircraft windshield ............................................................. 31 
2.6.2. Bird strike studies on the aluminium alloy structure ...................................................34 
2.7. Conclusion ............................................................................................................................37 
Chapter 3. Mechanical performance of bird substitute material under quasi 
static compression test ......................................................................................... 38 
3.1. Introduction .................................................................................................... 38 
3.2. Quasi-static compression test ........................................................................ 39 
v 
 
3.2.1. Materials and methods ................................................................................ 39 
3.2.2. Test results ................................................................................................ 45 
3.3. Discussion ..................................................................................................... 50 
3.3.1. Comparison of compression test results of the ballistic and ordinary gelatines . 50 
3.3.2. Fracture pattern of the ballistic gelatine under low rate compression tests ....... 51 
3.3.3. Calibration of material model at low rates...................................................... 53 
3.4. Conclusion ..................................................................................................... 60 
Chapter 4. Mechanical performance of bird substitute material under 
intermediate rate compression tests .................................................................. 61 
4.1. Introduction .................................................................................................... 61 
4.2. VHS Experimental test ................................................................................... 62 
4.2.1. VHS experimental test set-up ...................................................................... 62 
4.2.2. Test specimen detail ................................................................................... 68 
4.2.3. Data processing of high rate compression tests ............................................. 69 
4.3. Results and discussions ................................................................................ 73 
4.3.1. High rate VHS compression test results ........................................................ 73 
4.3.2. Constitutive analysis of VHS test data .......................................................... 79 
4.3.3. Sample deformation pattern analysis for VHS test ......................................... 86 
4.3.4. Numerical analysis of the VHS test data ....................................................... 91 
4.4. Conclusions ................................................................................................... 96 
Chapter 5. Impact performance of compliant targets using bird substitute 
materials …………………………………………………………………………….…..98 
5.1.Introduction…………………………………………………………………………..98 
5.2. Compliant target experiments with 3D DIC……………………………………...99 
5.2.1. Synthetic bird material…………………………………………………………………99 
5.2.2. Gas gun and 3D digital image correlation set up………………………………….101 
5.2.3. Target material and its clamping system……………………………………………103 
5.2.4. Results…………………………………………………………………………………105 
5.3. Finite element simulation…………………………………………………..…….111 
5.3.1. Material characterisation…………………………………………………………….109 
5.3.2. Anisotropy analysis of the aluminium target……………………………………….114 
5.3.3. Finite element simulation approach…………………………………………………117 
5.3.4. Simulation results and comparison with experimental data………………………119 
 5.3.4.1. Rubber aluminium impact……………………………………………….119 
vi 
 
 5.3.4.1. gelatine aluminium impact……………………………………...……….125 
5.4. Conclusions ……………………………………………………………...130 
Chapter 6. Impact performance of the laminated glass using bird substitute 
materials at high velocity .................................................................................. 132 
6.1. Introduction .................................................................................................. 132 
6.2. 3D DIC Experimental test ............................................................................. 133 
6.2.1. Material preparation .................................................................................. 134 
6.2.2. 3D-DIC gas gun test .................................................................................. 135 
6.2.3. Test results............................................................................................... 140 
6.3. Finite element simulation ............................................................................. 147 
6.3.1. Finite element simulation results ................................................................. 151 
6.3.2. Fracture mechanism analysis ..................................................................... 160 
6.4. Conclusions ................................................................................................. 163 
Chapter 7. Conclusions ...................................................................................... 165 
7.1. Quasi-static compression test of soft materials ............................................ 165 
7.2. Intermediate rate compression test of soft materials .................................... 166 
7.3. Impact performance of the compliant target using soft materials at high 
velocity ................................................................................................................ 167 
7.4. Impact performance of the laminated glass using soft materials at high velocity
 …………………………………………………………………………………...…168 
Chapter 8. Further work ................................................................................... 170 
8.1. Quasi-static compressive test of soft materials ............................................ 170 
8.2. Intermediate rate compression test of soft materials .................................... 170 
8.3. Rigid target impact of soft materials at high-velocity .................................... 172 
8.4. Bird strike finite element simulations ............................................................ 175 
List of publication……………………………………………………………………………………………………………….176 
References ............................................................................................................ 178 
Appendices .......................................................................................................... 189 
Appendix A: Low strain rate compression tests on ballistic gelatine ................... 190 
Appendix B: Puncture test on ballistic gelatine ................................................... 190 
Appendix C: Contact pressure analysis from rigid target impact ......................... 195 
Appendix D: Gas gun extension design .............................................................. 214 
Appendix E: Finite element model of gas gun test .............................................. 216 
 
vii 
 
NOMENCLATURE 
 
𝑐𝑜 (ms
-1) Sound velocity in the projectile    
𝑑𝜀𝛼+𝜋 2⁄   Transverse strain 
𝑑𝜀3   Strain in the out-of-plane direction 
𝑚𝑔 (kg)  Mass of the gelatine 
𝑚𝑤 (kg)  Mass of the water 
𝑢𝑠 (ms
-1) Shock velocity 
𝑢𝑝 (ms
-1) Particle velocity 
𝑢𝑜 (ms
-1) Initial velocity of the projectile 
𝑣   Poisson’s ratio 
𝜌0 (kgm
-3) Initial density of the projectile 
ℎ (m)  Sphere radius 
𝑠   Material property 
𝑟𝛼   Lankford ratio 
𝑡𝑑 (s)  Total duration of impact 
𝜎𝐸 (Pa)  Engineering stress 
𝜀𝐸   Engineering strain 
𝜎𝑇 (Pa)  True stress 
𝜎𝑌 (Pa)  Effective yield stress 
𝜀̇∗   Normalised strain rate 
𝜀𝑇   True strain 
𝜎0(𝜀) (Pa)  Stress term strain-dependent 
𝑔∞, 𝑔𝑖   Dimensionless constants 
viii 
 
𝛼   Material property 
𝜇   Nominal volumetric compressive strain 
𝜏𝑖 (s)  Relaxation time 
𝛾   Material constant 
𝐵   Material constant 
𝐶0, 𝐶1, 𝐶2, 𝐶3, (Pa) Material parameters  
𝐶𝑖𝑗   Material constant 
𝐷 (m)  Punch diameter 
𝐷𝑚   Material constant 
𝐸 (Pa)  Young’s Modulus 
𝐸𝑚 (Jkg
-1) Internal energy per unit mass 
𝐹 (N)  Force  
𝐺𝑖 (Pa)  Shear modulus     
𝐿 (m)  Length of the projectile 
𝐻 (m)  Original specimen height 
𝐼1,̅̅̅
̅̅̅  𝐼2̅̅ ̅
̅̅ ̅   First and second invariant of the unimodular component  
𝐿 (m)  Length of the projectile 
P (Pa)  Pressure 
𝑃𝐻 (Pa)  Hugoniot pressure 
𝑃𝑠 (Pa)  Steady-flow pressure 
𝑅   Yield stress ratios 
𝜓   Material property 
𝑇∗   Normalised temperature term 
𝛤0   Material property 
ix 
 
ABBREVIATION 
 
ASTM  American Society for Testing and Materials  
AVIC Aviation Industry Corporation of China 
ALE  Arbitrary Lagrangian Eulerian  
BIAM  Beijing Institute of Aeronautical Materials  
BSI  British Standards Institution  
CG  Chemically strengthened glass  
DIC  Digital image correlation  
DMA  Dynamic mechanical analysis  
EVA  Ethylene-vinyl acetate  
FAR  Federal Aviation Regulations  
GF  Gauge factor  
LG  Lamination of glass and polymer  
PMMA  Poly methyl methacrylate  
PVB  Polyvinyl Butyral  
SGP  Sentry glass plus  
SPH  Smoothed Particle Hydrodynamics  
SOFCs  Solid oxide fuel cells  
TG  Thermally strengthened glass  
TPU  Thermoplastic polyurethane  
 
1 
 
Chapter 1. Introduction 
 
 
This chapter outlines the background of this research project and its incentives. 
Subsequently, the project aim and objectives are described based on the basic 
concepts and problems associated with the bird strike on the aircraft materials. Finally, 
the thesis structure and contents of each chapter are outlined. 
 
1.1. Project background 
With the advent of the commercial aviation age in 1959, there has been increased 
awareness of danger from bird strike (Dalton and Nicholson 2013). In recent years, 
the number of bird strike reports has undergone a surge due to the large numbers of 
aircraft being manufactured to meet the increasing demand of air travellers. The 
history of bird strike during flight can be originally traced back to 1905, when the Wright 
brothers documented the first bird-plane contact activity in human history (MacKinnon 
2004). Despite the fact that the exterior airplane structures are exposed to several 
different types of foreign object damage (FOD), such as rain drops, hail and runway 
debris (see Figure 1-1), almost 90% of the incidences are reported to be caused by 
bird strike (Heimbs 2011). 
 
Figure 1-1: Images of bird strike impacting the aircraft, i.e. the windshield and aluminium 
structure. (a) British Airways Boeing 737 suffering strikes by a flock of birds after taking-
off. (b) the windshield of CRJ-900 fractured after bird strike at Tennessee, US, on 15 April 
2016 (John Hutchinson for Mail Online 2016). (c) the nose cone flattened by severe bird 
strike as the plane Boeing 737-800 landed at Nevşehir, Turkey, on 6 May 2015 (John 
Hutchinson for Mail Online 2015). 
 
(a) 
(b) 
(c) 
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Bird strike has been a major hazard to the civil aircraft since the advent of the powered 
jets. Since 1988, wildlife strikes have killed over 255 people and destroyed 243 aircraft 
globally (Dolbeer et al. 2014). Additionally, the damage caused by the bird strike can 
lead to substantial financial losses, which were recorded solely in the US to be up to 
$1.28 billion per year (Allan and Orosz 2001). Thus, bird strike has driven airline 
companies to target flight safety against bird strikes. Therefore, it has attracted a great 
deal of attention within the aviation research community and it is increasingly important 
for aircraft designers to conduct bird strike tests before the airplanes are ready for 
commercial and military service. 
However, the cost of carrying out such tests is massive and results are unrepeatable 
as well as inconsistent. This is because birds vary in size and shape (Allan and Orosz 
2001). Therefore, research has been focused on numerical simulations which enable 
thorough investigations through virtual testing, before validation experiments are 
undertaken. Since the 1970s, these complex fluid–structure interactions have been 
simulated with explicit numerical codes and high-performance computing (HPC) 
(Heimbs 2011). A well-represented bird constitutive model is an essential element in 
the numerical simulation of the bird strike. The non-linear pressure load applied to the 
impact target at a very short time period is a very complex problem, involving a bi-
phasic material behaviour and fluid-structure interaction. 
All the forward facing components of the aircraft are at risk from bird strikes since they 
are most likely to collide directly with the flying birds. A schematic illustration of the 
aircraft components exposed to bird strike risk is shown in Figure 1-2. 
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Figure 1-2: Schematic illustration of the forward facing components exposed to bird strike 
(Heimbs 2011) 
In Figure 1-2, the aircraft parts which are most likely to be hit by the bird strike are 
illustrated. It is apparent that the engine (take up 44 % of the overall body impact) has 
been recorded as the most frequent and critical part subjected to bird strike in terms 
of the structural damage severity and associated financial losses (Heimbs 2011). This 
is followed by the leading edge and windshield, which suffered 25 % and 13% of the 
overall body impacts respectively. Despite the fact that the windshield and radome 
constitute relatively small parts of the entire aircraft, they encounter 13 % and 8 % 
respectively of the entire body impact from bird strike. The traditional aircraft fuselage 
is mainly made from Aluminium alloy, e.g. AA2024-T3. Even though modern aircraft 
are increasing the usage of the non-metallic materials in aircraft construction, i.e. 
replacing metallic with fibre reinforced polymers, aluminium alloy is considered as a 
safe choice used in the aircraft fuselage and leading edge. The windshield is typically 
made from transparent windows, particularly consisting of a laminated glass structure 
with an interlayer, typically of polyvinyl butyral (PVB) and thermoplastic polyurethane 
(TPU), between layers of thermally tempered or chemically strengthened glass to hold 
the glass layer when the window is shattered. Therefore, it is critical to investigate the 
impact resistance of both materials against bird strike. The latter is the aim of this 
research study. 
13 % 
8 % 
25 % 44 % 
10 % 
Windshield 
Radome 
Engine Leading edge 
Fuselage 
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1.2. Project aims and objectives 
This research project is fully funded by the Beijing Institute for Aeronautical Materials 
from the Aviation Industry Corporation of China (AVIC – BIAM), which has collaborated 
with Mechanical Engineering Department at Imperial College London since 2012. The 
Institute researches, designs and manufactures aircraft cabin windows and other 
aircraft structures. It aims to reduce the total weight by optimizing the mechanical 
properties of the aircraft materials. Based on this programme objectives, the current 
research project has been set up to investigate the impact resistance of aircraft 
materials, mainly the aluminium sheet, which is made of AA2024-T3 and the 
windshield, against the bird strike. 
To fully understand the mechanical behaviour of the bird and target material during 
impact, an appropriate “bird” substitute is essential in order to achieve consistent and 
repeatable impact results. Hence, the selection of the bird simulant materials was the 
first objective in the study and the details of choosing the bird surrogate materials were 
described in Chapter 2. Subsequently, appropriate mechanical tests were conducted 
to investigate the mechanical behaviour of the bird substitute materials, starting from 
the low rate quasi-static test (0.25 min-1) to the high rate of 35,000 min-1. Then, gas 
gun tests were performed to match the rate that the aircraft experiences from bird 
strike during the take-off or landing periods. Hence, the main objectives of the project 
are summarised below: 
I. Bird substitute material (soft materials) selection 
II. Quasi-static compression test of the selected soft materials (0.25 min-1 – 
25 min-1) 
III. Intermediate rate compression test of the soft materials (1 ms-1 – 8 ms-1 or 
4,000 min-1 – 35,000 min-1) 
IV. Impact performance of the compliant target (aluminium) using soft 
projectiles at high velocity (100 ms-1 – 200 ms-1 or 120,000 min-1 – 240,000 
min-1 by dividing speed by the projectile’s initial length) 
V. Impact performance of laminated glass using soft projectiles at high velocity 
(100 ms-1 – 200 ms-1 or 120,000 min-1 – 240,000 min-1) 
In order to study the impact performance of the compliant target (AA2024-T3 sheet) 
and laminated window at high speeds, a gas gun was used for the experimental work 
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in order to replicate the aircraft’s take-off or landing speed. The 3D Digital Image 
Correlation (DIC) technique is employed to measure the impact compliance of the 
target in the gas gun test. In addition, the corresponding finite element simulations are 
also performed. Three finite element methods were studied, namely the Lagrangian, 
the Coupled Lagrangian-Eulerian (target uses Lagrangian and projectile uses Eulerian) 
and the Smoothed Particle Hydrodynamics (SPH), used to simulate the gas gun 
impact test. The results from the FE models were then used to compare with the data 
derived from the gas gun experiments. In this fashion, the numerical models of the 
laboratory-based gas gun experiments were verified. The developed models can be 
used in the future simulations of the real bird impact, which is the ultimate goal of this 
research programme. At the research facility of AVIC – BIAM, bird strike tests using 
real chickens impacting onto the aircraft windshield are conducted. Strain gauges are 
employed to measure the target compliance. Hence, the FE model developed from 
the current PhD research outcome can be employed in the future by the researchers 
in AVIC – BIAM to further study the real bird strike problem. 
The following section summarises the thesis outline. 
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1.3. Project thesis structure outline 
This Ph.D. thesis is divided into eight chapters. Subsequent to the current Introduction 
chapter, the Literature chapter is presented. This is then followed by the main study 
with four chapters describing the experimental and numerical work conducted to 
achieve the key objectives listed in Section 1.2. In Chapters 3 and 4, compression 
tests in both quasi-static and intermediate rates are conducted respectively, in order 
to study the effect of the strain rate on the mechanical properties of these bird 
surrogate materials. Apart from the experimental work, both constitutive analysis and 
numerical simulation are carried out to evaluate and compare with the experimental 
results. 
Chapter 5 presents the impact response of the compliant target (Aluminium Alloy 
2024-T3) from selected soft material strikes, by conducting laboratory gas gun tests 
and finite element (FE) modelling, from which parameters, such as the displacement 
profile along the impact area, are extracted. 3D Digital Image Correlation was 
employed for the gas gun test in order to experimentally compute both the central and 
full-field displacements, which are then compared with predictions from the FE 
simulation. Chapter 6 aims at studying the impact response of the laminated glass 
(with TPU interlayered) using soft projectiles, by employing the same approach as 
Chapter 5. All the simulation work is carried out using the commercial software 
“ABAQUS”. 
Finally, the conclusions and future work are given in Chapters 7 and 8 respectively.  
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Chapter 2. Literature research 
 
 
Bird strikes, as defined by the Federal Aviation Administration (FAA), are collisions 
between a bird and an aircraft resulting in the death or injury of the bird, damage to 
the aircraft or both. Near-collisions with birds reported by pilots also are considered 
strikes. According to the FAA’s National Wildlife Strike Database, there were 177,269 
wildlife strike reports on civil aircraft between 1st January 1990 and 31st December 
2015 (Seidenman and Spanovich 2016). Accordingly, there has been an increasing 
number of researchers working in this field. In this Chapter, research work related to 
bird strike is summarised. 
 
2.1. Hydrodynamic theory 
For the past twenty years, researchers have studied the impact of water droplets on a 
solid surface in order to develop an understanding of the mechanisms involved in the 
erosion of steam turbine blades and the erosion of aircraft and missile structures in 
rain. Much progress has been made in this area, although there is still controversy 
over the exact amplitude and distribution of loads, as well as the response of both the 
liquid droplet and the impacted surface to these loads. Dear et al. (Dear et al. 1988), 
studied the impact between the gel liquid and a metal slider using high speed 
photographs, which allows the shocks in the two-dimensional transparent gel samples, 
to be visualised. Subsequently, Field and Dear (Field et al 1989) investigated the effect 
of the target compliance at the early stage of the liquid drop impact at which onset of 
a jet took place. 
According to Barber and Wilbeck (Wilbeck and Rand 1981; Wilbeck 1978; Barber and 
Wilbeck 1978), the impact response of the projectile can be categorised into five 
different stages depending on the impact velocity: elastic, plastic, hydrodynamic, sonic 
and explosive. When the internal stresses in the projectile material caused by the 
impact loading are well below the material strength, the response is regarded as 
elastic. As the impact velocity increases, the plastic behaviour of the impactor starts 
8 
to emerge, and if the velocity continues to climb, the internal stress will exceed the 
material strength and the fluid-like behaviour starts to show, where the material density 
instead of the material strength dominates the impactor response, which is known as 
the hydrodynamic stage. In terms of the sonic and explosive scenarios, the rate of 
impact is even higher; thus, this is not discussed here. The bird projectile is treated as 
a “soft body” within its hydrodynamic regime.  
With reference to the shock regime during the bird strike impact, the flow across the 
shock can be treated as one-dimensional, adiabatic and irreversible (Barber and 
Wilbeck 1978).  
 
Figure 2-1: One dimensional shock flow. (a) shock propagating into a fluid at rest. (b) flow 
brought to a rest across the shock. (c) standing shock (Wilbeck 1978) 
Figure 2-1 (a) indicates a shock wave travelling at the speed of 𝑢𝑠, propagating into a 
fluid at rest and the fluid particles behind the shock move at the speed of 𝑢𝑝. It can be 
seen from Figure 2-1 (b) that the particle velocity 𝑢𝑝 is actually the change in velocity 
across the shock (subtracting 𝑢𝑝.from both sides of Figure 2-1 (a)). Figure 2-1 (c) is 
in the reference frame of the shock wave, which illustrates the case where the 
velocities are all measured relative to the fluid in the shock state (adding 𝑢𝑠.- 𝑢𝑝.in 
both sides of Figure 2-1 (c)). This case is similar to the impact of a projectile on a rigid 
plate. 
𝑢2 = 𝑢𝑠 − 𝑢𝑝 
𝑢1 = 𝑢𝑝 𝑢2 = 0 
𝑢2 = 𝑢𝑝 𝑢1 = 0 
𝑢𝑠 is the shock velocity 
𝑢𝑝 is the particle velocity 
○2  ○1  
𝑢𝑠 
○2  ○1  
 
𝑢𝑠 − 𝑢𝑝 
 
○2  ○1  
𝑢1 = 𝑢𝑠 
(a) 
(b) 
(c) 
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In order to formulate the conservation law across the shock, the steady state shock 
condition must be considered, which is shown in Figure 2-1 (c), where there is no 
shock wave generated in the region. According to that, the equation of conservation 
of mass and momentum can be shown as (Wilbeck 1978): 
𝜌1𝑢𝑠 = 𝜌2(𝑢𝑠 − 𝑢𝑝)            Equation 2-1 
𝑃1 + 𝜌1𝑢𝑠
2 = 𝑃2 + 𝜌2(𝑢𝑠 − 𝑢𝑝)
2           Equation 2-2 
Then, combining these two equations, the pressure behind the shock is found to be: 
𝑃2 − 𝑃1 = 𝜌1𝑢𝑠𝑢𝑝            Equation 2-3 
(𝑃2 − 𝑃1) is often referred as the Hugoniot Pressure, 𝑃𝐻. When taking account of the 
impact of a cylinder on a rigid plate, it can be assumed that 𝑢𝑝 = 𝑢𝑜 (𝑢𝑜 is the initial 
speed of the projectile), and the density 𝜌1 = 𝜌0 (𝜌0 is the initial density of the projectile) 
as long as the projectile’s velocity is under 300 ms-1 (Wilbeck 1978). 
where 𝑢𝑜  and 𝜌𝑜  are the projectile’s initial velocity and  initial density respectively. 
Thus, Equation 2-3 can be rearranged to give the initial shock pressure 𝑃𝐻 as follows: 
𝑃𝐻 = 𝜌0𝑢𝑠𝑢𝑜             Equation 2-4 
Thus, the above equation represents the Hugoniot pressure in the shock regime during 
the bird strike, which is extensively used in the hydrodynamic theory for soft body 
impact on a rigid flat target. This theory is developed by Wilbeck and Barber (Barber 
and Wilbeck 1978) and depicted in Figure 2-2. 
Figure 2-2 (i) illustrates the impact process of a flat-ended cylindrical projectile striking 
onto a flat target and Figure 2-2 (ii) shows the pressure profile generated at the centre 
of this flat target after being impacted by the projectile. 
The flat-ended cylindrical projectile travels at an impact velocity of 𝑢0, and the direct 
impact of the projectile on the target generates a shock wave as shown in Figure 2-2 
(i) (a) whose velocity is given as 𝑢𝑠. 
As soon as the shock is formed on the contact surface it begins to propagate through 
the projectile, and the pressure at the contact point decreases. This creates the radial 
release wave propagating towards the central axis of the projectile, as shown in Figure 
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2-2 (i) (b). The high-pressure regime persists until the release waves converge on the 
central axis of the projectile and flow of the fluid commences, which is illustrated as 
Figure 2-2 (i) (c). Finally, the projectile has dissipated all its kinetic energy during the 
impact and as depicted in Figure 2-2 (i) (d), the impact energy is completely 
consumed. As a result, the total duration of impact 𝑡𝑑, is approximated by the time 
needed for the impactor to flow across its own length L since the initial contact with 
the target: 
 
𝑡𝑑 =
𝐿
𝑢𝑜
 Equation 2-5 
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Figure 2-2: (i) Schematic and (ii) corresponding profile diagram of shock and release waves 
during a soft body impact (Heimbs 2011) 
 
 
The four stages in Figure 2-2 (i) are shown in the pressure versus time graph in Figure 
2-2 (ii), indicating the change in the pressure profile at these four different phases 
(i) 
(ii) 
L 
(c) 
(d) 
(b) 
(a) 
, P
H
 
, P
S
 
td 
12 
during the impact. Specifically, stages (a) – (d) in Figure 2-2 (ii) are representing the 
corresponding figures in Figure 2-2 (i). 
During the release phase, the shock is constantly weakened by release waves, 
resulting in a decrease in the shock velocity and eventual dissipation of the shock. 
Steady flow of the fluid over the surface is established until the projectile is consumed, 
which is illustrated in Figure 2-1 (c). In this regime, the steady-flow pressure, 𝑃𝑠 at the 
centre of the impact can be derived from Bernoulli's equation and is given by: 
 𝑃𝑠 =
1
2⁄ 𝜌1𝑢𝑜
2 Equation 2-6 
 
2.2. Bird substitute materials 
To ensure accurate and relevant bird strike experiments, it is necessary to obtain the 
right material to substitute the real bird. This section aims to discuss the materials that 
have been used by past researchers and their mechanical properties. Following a 
description of all the possible materials that have been used, a final decision will be 
made to assess which material is the most suitable as a bird substitute model. 
In order to fulfill the requirements of finding the appropriate bird model, it is obvious 
that a complete understanding of the fundamental principles of the impact process is 
required. It seems reasonable to expect that the basic mechanisms of impact of 
gelatine or RTV rubber should be similar to those of bird impact. This is based on the 
theory that during impact each of these materials tends to behave as a fluid. This 
indeed is verified by Wilbeck (Wilbeck 1978) at velocity range between 100 and 300 
ms-1. The requirements for a material to "flow" is that the stresses generated during 
impact substantially exceed the strength of the material (Wilbeck 1978). For many 
projectile materials such as aluminium or steel, the stresses required to cause the 
material to fail are sufficient to cause local failure in the target. For example, the result 
of a hypervelocity impact is a crater. 
Materials, such as the wax, gelatine/oil emulsion, porous gelatine and Room 
Temperature Vulcanised (RTV) rubber, were benchmarked and compared against the 
avian species, e.g. a chicken, such that the comparison would be fair and standardised. 
A typical chicken possesses an overall density of approximately 900 - 950 kgm-3, with 
the density of the bird flesh being approximately 1060 kgm-3. Therefore, a normal-sized 
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chicken has a porosity of approximately 11% (Wilbeck and Rand 1981). The existence 
of cavities within a bird is the attributing factor that leads to the decrease in the overall 
density of the bird. Through the course of research performed on bird strike testing, 
four materials have been used as simulated models for real bird (Allcock and Collin 
1969; Wilbeck and Rand 1981). They are listed below: 
i. Wax 
ii. Gelatine/Oil Emulsion 
iii. Porous Gelatine 
iv. Room Temperature Vulcanised (RTV) Rubber 
 
Wax was chosen as a possible material in simulating bird flesh in the 1960s as it was 
initially considered to be inexpensive and the procedures of manufacturing wax bird 
projectiles were simple. It had an estimated density of 0.866 gcm-3, which could be 
varied by about ± 10%. This was initially promising because the density of 
chicken/avian flesh was typically around 1.06 gcm-3 and the density of wax was similar 
to that of bird flesh (Allcock and Collin 1969).  
A second alternative, of a possible bird simulant material, is gelatine/oil emulsion. 
Tests, which were performed in the earlier 1960s that made use of the gelatine/oil 
foam, were encouraging and therefore an emulsion of oil and gelatine was created 
(Allcock and Collin 1969). This material was advantageous as it was an inexpensive 
and simple substitute. The density of the gelatine/oil emulsion was estimated to be 0.8 
gcm-3 and it could be varied by about ± 5% (Djabourov 1991). 
The usage of gelatine is widespread in many applications such as pharmacology and 
cosmetics. Furthermore, gelatine has historically been considered as a bird simulant 
and it provides a method of suspending water in a solid skeleton. It is believed that 
pure gelatine could replicate the equation of state of water accurately and bird flesh 
contains mainly water. Therefore, gelatine replicates the equation of state of bird flesh 
in an accurate manner too (Annabi et al. 2010). The density of gelatine is 
approximately 0.938 gcm-3, which is slightly lower than the density of water. Since over 
90% of the gelatine contains water, its impact mechanism is believed to behave 
similarly to that of pure water. 
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Natural rubber can undergo the process of vulcanisation to produce RTV rubber which 
is sturdy. In the context of bird strike modelling, RTV Rubber was chosen as a good 
alternative due to its ease of fabrication, low cost, availability and good shelf life. RTV 
Rubber 560, a rubber produced by General Electric was used by Wilbeck in his 
experimental study and it was made to have a density of about 1.33 gcm-3 (Wilbeck 
and Rand 1981). While pure RTV rubber has a relatively high density as compared to 
that of the bird flesh, appropriate methods of introducing porosity could be used and 
the overall density of the material could be reduced to a value similar in magnitude to 
that of bird flesh. Introducing a porosity of about 50% will lower its density to 
approximately the density of a chicken. 
To identify the most suitable material to be used as a replica model of a bird, there is 
fundamentally one macroscopic criterion that needs to be met. The synthetic bird 
model needs to be made of a material that has a constitutive Equation of State (EoS) 
similar to that of the bird. Ensuring that the material properties are similar to that of the 
bird, the impact loads will also be similar and the test will be an accurate representation 
of the actual bird strike. 
Within this guiding criterion of choosing a material that has a constitutive Equation of 
State (EoS) similar to that of bird flesh, there are three sub-criteria that will be used as 
part of an assessment to dictate the most suitable material. 
i. Soft Body Impact: the ability to undergo hydrodynamic regime 
ii. Average density of soft body material compared to water/bird flesh 
iii. Ability for porosity to be introduced into the material 
Firstly, the material needs to undergo a soft body impact akin to an actual bird strike. 
In other words, the synthetic model needs to withstand a hydrodynamic impact, 
otherwise the characteristics of the impact will be largely different and the 
representation of the impact will be inaccurate. Secondly, for the material model to 
behave in a similar fashion to bird flesh, the overall average density of the material 
needs to be similar to the inhomogeneous water in order to allow a greater alignment 
to the EoS of the porous water. Lastly, the material model must allow for the porosity 
to be introduced effectively and easily such that the model can mimic the cavities and 
voids within a bird. 
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By comparing four substitute bird materials based on the criteria mentioned above, the 
porous gelatine appears to be the most appropriate material. However, as mentioned 
the advantages of using RTV Rubber are plentiful. Therefore it is worth taking a closer 
look at both materials, subjecting them to experimentation and testing to see how close 
their Hugoniot pressure and steady state stagnation pressure values compare against 
actual testing of a chicken impacting on a target structure.  
In one of the bird strike review papers by Heimbs (Heimbs 2011), it is mentioned that 
both RTV rubber and gelatine have been commonly used as surrogate birds in gas 
gun tests as the dynamic behaviour of both materials under high speed impact is 
similar to that from real birds. In addition, the density of rubber and gelatine is close to 
that of the real bird, which is around 1000 kgm-3 since over 90% of the bird’s mass 
consists of water. That is the main reason why most of the companies in aviation 
industry use gelatine as the main bird substitute material for the gas gun test.  
Wilbeck (Wilbeck and Rand 1981; Wilbeck 1978) employed both RTV rubber and 
gelatine as substitute bird materials to investigate the impact behaviour of the bird 
strike in the gas gun test. Both rubber and gelatine have been evaluated and used as 
bird surrogates in numerous investigations in bird strike tests as well as in the 
corresponding simulation work due to the closeness of the impact load generated from 
both projectiles, which is depicted in Figure 2-3. According to the work carried out by 
Wilbeck and Rand, using rubber and gelatine projectiles with specific porosity leads to 
pressure curves, which correlate well with the pressure profile obtained when using 
real chickens, in terms of the initial Hugoniot peak pressure and steady state 
stagnation pressure. 
In Figure 2-3, terms on both vertical and horizontal axis are dimensionless, where U0 
and ρ0 are the initial impact velocity and density respectively. 
1
2
 ρ0U02 and L/U0 (L is the 
length of the projectile) are representing the initial kinetic energy per volume and the 
impact duration. By introducing the porosity into either the rubber or gelatine projectile, 
it will effectively represent the inner organs and air cavities inside the bird body, which 
will have a significant effect on the pressure load.  
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Figure 2-3: Impact load profile from RTV rubber and gelatine (Wilbeck 1978) 
Wilbeck conducted such experiments on rigid targets (steel plates) to determine if the 
porous gelatine or RTV Rubber is a more suitable simulant material for the real bird. 
In the experiments, he used the porous gelatine that had a porosity of 15% whereas 
for RTV Rubber, it had a porosity of 50%. His experimental results are displayed in 
Figure 2-4. The pressure measurements in Figure 2-4 were obtained by using 
piezoelectric quartz pressure transducers, which were manufactured by PCB 
Corporation. There are four transducers being applied in this test, with one locating at 
the centre of the target plate and other three were located 12.7 mm, 25.4 mm and 38.1 
mm away from the centre (Wilbeck and Rand 1981). 
 
Figure 2-4: Comparison of the gelatine and rubber to a chicken in terms of Hugoniot pressure 
and steady state pressure (Wilbeck and Rand 1981) 
 
As seen in Figure 2-4, both porous RTV rubber and porous gelatine show a close 
correlation to the actual pressure profile from the chicken. Based on the findings in 
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Figure 2-4, gelatine is preferable to rubber. In terms of the steady state stagnation 
pressure, both material models had a close correlation to the actual stagnation 
pressure values caused by an actual chicken. However, the Hugoniot pressure from 
the RTV Rubber impact seems to have a large discrepancy with the actual Hugoniot 
pressure experienced by the chicken regardless of the change in the bird’s weight 
from 1 kg to 4 kg. The difference tends to increase as impact velocity increases; which 
is possibly due to the large extent of porosity required to decrease the density of the 
RTV Rubber (Wilbeck and Rand 1981). On the other hand, the porous gelatine fared 
well when compared against actual testing data of chicken as concerns the Hugoniot 
pressure values. 
Hence, it is clear that the porous gelatine is the most suitable material to be used in 
simulating a bird model amongst the two materials highlighted in Figure 2-4. It has a 
similar density to bird flesh and it is able to accommodate the porosity well. The extent 
of porosity in 15% porous gelatine appears to simulate the extent of cavities/voids in 
chicken adequately as the impact loads in the gelatine model correlate well with the 
actual test values, as seen in Figure 2-4. 
 
2.3. Constitutive model of the bird body 
As discussed in Section 2.1, the fluid-like hydrodynamic response of the bird and its 
substitute materials during the impact have been investigated by Wilbeck (Wilbeck 
1978). As already mentioned, a bird’s internal cavities including bones, lungs and air 
sacs, reduce the bird’s average density. To compensate the effects of these cavities, 
a homogenized bird material with an average density between 900 and 950 kgm-3 is 
introduced. According to Stoll and Brockman (Stoll and Brockman 1997), the cavity 
inside the bird corresponds to a void volume content of 10-15% of the entire bird 
volume, thus, the gelatine model with 10 - 15 % porosity is used, which does not take 
into account the bird’s feathers and skin. 
A simple elastic-plastic material law developed by Stoll and Brockman (Stoll and 
Brockman 1997) was used extensively to model the bird, but fluid-like flow response 
cannot be obtained with such a law unless a low shear modulus is set. It is critical and 
challenging to determine the correct material constants that are required as inputs in 
numerical simulations of bird strike. The results achieved with traditional bird models 
18 
have rarely been compared with the real bird experiments, as explained by Heimbs 
(Heimbs 2011). 
The Equation of State (EoS) constitutive model has been commonly adopted as the 
material model of the bird impactor (Smojver and Ivančević 2010a; Smojver and Ivan 
2009; Smojver and Ivančević 2012), and it is defined as the relationship between the 
projectile pressure and corresponding volume at the room temperature, with the 
density of the projectile close to that of water. Wilbeck (Wilbeck 1978) demonstrated 
the derivation of the EoS from initially applying the conservation of mass and 
momentum. Nowadays, there are three main forms of EoS that are extensively 
adopted. These are the Polynomial, the Mie-Grüneisen and Murnaghan forms, and 
are described below. 
a) Polynomial 
A polynomial representation of the EoS is expressed as: 
 𝑃 = 𝐶0 + 𝐶1𝜇 + 𝐶2𝜇
2 + 𝐶3𝜇
3                 Equation 2-7 
where 𝐶0, 𝐶1, 𝐶2 and 𝐶3 are material constants (𝐶1 is the bulk modulus of the material) 
and 𝜇 ∗ is a dimensionless parameter based on the ratio of current density of the 
projectile ρ, to the initial density of the projectile, ρ0: 
 𝜇 ∗=
𝜌
𝜌0
− 1 
Equation 2-8 
b) Mie-Grüneisen 
The Mie-Grüneisen EoS has the form: 
 
𝑃 =
𝜌0𝑐𝑜
2𝜂
(1 − 𝑠𝜂)2
(1 −
𝛤0𝜂
2
) + 𝛤0𝜌0𝐸𝑚 Equation 2-9 
where 𝜂 = 1 − 𝜌0 𝜌⁄  is the nominal volumetric compressive strain; 𝛤0  and s are 
material properties, 𝑐𝑜  is the sound velocity in the projectile and 𝐸𝑚 is the internal 
energy per unit mass. This form is available in the material library of ABAQUS and has 
been used by Smojver and Heimbs to model the bird projectiles (Smojver and 
Ivančević 2011; Heimbs and Guimard 2011; Smojver and Ivančević 2010; Heimbs 
2011). In order to define this EoS material model in Abaqus, four material properties 
need to be specified - 𝜌0, 𝑐𝑜 , 𝛤0 and s. According to Smojver and Ivančević (Smojver 
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and Ivančević 2010), the parameters s = 0 and 𝛤0 = 0 are reasonable assumed. Hence, 
the internal energy term, 𝛤0𝜌0𝐸𝑚 becomes zero. 
This form of EoS material has been found to lead to a good agreement with theoretical 
and experimental shock pressure-time history curves for gelatine projectiles. 
 
c) Murnaghan 
The Murnaghan EoS is represented by: 
 
𝑃 = 𝑃0 + 𝐵 [(
𝜌
𝜌0
)
𝛾
− 1] Equation 2-10 
where 𝑃0 is a reference pressure (or initial pressure) and B, 𝛾 are material constants 
(Heimbs 2011). 
The choice of the EoS is often dependent on the individual modelling software. Models 
described above are found in LS-DYNA, PAM-CRASH and ABAQUS. The material 
constants in all EoS have to be measured directly through experiments. A common 
technique is to perform material constant calibration by comparing experimental data 
to simulation data, such as the Split-Hopkinson Bar (SHPB). 
A comparison of the Mie-Grüneisen and Polynomial EoS was made by Smojver and 
Ivančević (Smojver and Ivančević 2011) in their bird strike analysis using the coupled 
Eulerian-Lagrangian approach in Abaqus. The effect of porosity at levels of 10% and 
15% was also studied, as the presence of porosity consequently lowers the peak 
Hugoniot pressures (Dassault Systems 2012). It was found experimentally that gelatin 
with 15% porosity permits one to obtain impact forces and pressures close to those of 
real birds (Dassault Systems 2012). A table summarising the parameters used in the 
three constitutive models for both gelatine and rubber projectiles is shown in Table 2-
1. 
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Table 2-1: Parameters in the constitutive EoS equations for the "bird" projectiles 
Model Reference Software Parameters Materials 
Polynomial 
EoS 
Meguid et al. 
(Meguid et al 
2008) 
LS-DYNA 
C0=0 
C1=2323 MPa 
C2=5026 MPa 
C3=15180 MPa 
Gelatine 
(934 kgm-3) 
Hanssen et al. 
(Hanssen et al. 
2006) 
LS-DYNA 
C0=0, 
C1=2250 MPa 
C2=0, C3=0 
Gelatine 
(950 kgm-3) 
Azevedo et al. 
(Azevedo and 
Alves, n.d.) 
LS-DYNA 
C0=0, 
C1=2200 MPa 
C2=0, C3=0 
Plastic 
compound 
Rubber 
(1425 kgm-3) 
Murnaghan 
EoS 
McCarthy et al. 
(Mccarthy et al 
2004) 
PAM-CRASH 
B=128 MPa 
γ=7.98 
Gelatine 
(950 kgm-3) 
Liu et al. 
(Liu et al. 2013) 
PAM-CRASH 
B=9.3 GPa 
γ=7.14 
Rubber 
Artificial bird 
(1250 kgm-3) 
Mie-
Grüneisen 
EoS 
 
Carlos Alberto 
(Huertas-
ortecho 2006) 
LS-DYNA 
Γ0=1.0 
co=1000 ms
-1 
s=1.0 
Gelatine 
 (913 kgm-3) 
Dar et al. 
(Dar et al 2013) 
AUTODYN 
Γ0=0.28 
co=1483 ms
-1 
s=1.75 
Gelatine 
(900 kgm-3) 
Hedayati et al. 
(Hedayati and 
Ziaei-Rad 2013) 
LS-DYNA 
Γ0=0 
co=1480 ms
-1 
s=1.92 
Gelatine 
(938 kgm-3) 
Smojver et al. 
(Smojver and 
Ivančević 2011) 
ABAQUS 
Γ0=0 
co=1869 ms
-1 
s=0.5072 
Rubber 
(1090 kgm-3) 
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2.4. Finite element modelling 
During bird impact, there are high deformations when the impactor collides with the 
target material, which poses a great challenge for FE simulations. Initial bird strike 
studies were conducted through pure analytical computations (Cornell 1976).Till the 
late 1970s, the FE method was firstly employed by the US Air Force research 
laboratories as an analysis tool of bird strike (Heimbs 2011). Due to the large 
deflections, the high non-linearity of the impactor materials, the three-dimensional 
geometry and the high loading rate (Cornell 1976), advanced numerical analysis tools 
in existing FE codes were highly recommended. There are three FE analysis 
approaches commonly employed in bird strike research and they are described below. 
 
2.4.1. Lagrangian approach 
Lagrangian modelling is the standard method for most structural FE analyses, 
particularly for solid material simulations. Since the material is specifically allocated to 
corresponding element nodes of the Lagrangian mesh, each node of the Lagrangian 
mesh will follow the material deformation, which is illustrated in Figure 2-5. 
 
Figure 2-5: Illustration of the Lagrangian method (Nizampatnam 2007) 
In addition, the boundary conditions in the Lagrangian approach are often defined at 
the material point that is coincident with the spatial point (Georgiadis et al. 2008). This 
results in well-defined boundary conditions and this methodology is typically adopted 
in the analysis of solid material problems. It is not designed to tackle the solid-fluid 
interaction at high rate situations, such as the bird strike (Tupek 2010). 
Despite the clear boundary conditions and low computational cost, there are several 
drawbacks in Lagrangian modelling, which causes this approach to be an unreliable 
22 
method, due to fluid like flow occuring in hydrodynamic impacts. First of all, the mesh 
follows the structure, which suffers large deformations during the impact. This means 
that the mesh will experience an equal amount of deformation as the material, which 
leads to severe mesh distortion and therefore, inaccurate or diverging results (Heimbs 
and Guimard 2011). Also, the time step that is needed for numerical stability 
significantly decreases when the elements are severely compressed (Heimbs 2011). 
The large drop in the time step significantly increases the number of required time 
steps and causes an increase in simulation time. Moreover, this also leads to 
numerical problems and premature analysis termination due to non-convergence 
(Smojver and Ivančević 2010). 
 
2.4.2. Eulerian approach 
Since there will be a massive mesh distortion when using the Lagrangian model, a 
reduced time step is generated, which makes the simulation challenging. Alternatively, 
the Eulerian modelling technique may be adopted to model the impact process. The 
Eulerian model was introduced in the late 1990s in order to simulate the bird strike by 
using DYTRAN codes (Anghileri and Sala 1996). In this method, the mesh is fixed in 
space, which is considered as a control volume, allowing the material to flow through 
the mesh. The fixed Eulerian volume is created in space and some of the elements of 
the mesh are filled by the material at the points where the bird must be presented 
(Hedayati and Sadighi 2015). Thus, as the material travels into space, some elements 
become hollow and some others are filled with the material. Eulerian mapping can be 
defined as the inverse of the Lagrangian motion mapping (Huertas-ortecho 2006).  
Despite the merits of eliminating the excessive mesh distortion, the Eulerian model 
has several disadvantages. First of all, it is very difficult to keep track of the history of 
material behaviour. To do this, stress and strain tensors must be moved from one cell 
to another, which decreases the accuracy of results (Chandra et al 2011; Smojver and 
Ivančević 2011). Another drawback of this simulation associates with the lack of the 
exact definition of the body’s boundary, which also varies depending on the size of the 
mesh (Nizampatnam 2007; Heimbs 2011). Additionally, most of the Eulerian solvers 
depend on low-order differencing schemes, which contain errors including the 
numerical dispersion and dissipation. By using higher-order differencing schemes, the 
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errors can be reduced (Nizampatnam 2007). However, this involves high 
computational effort and cost. Moreover, diffusion in the material boundaries is a 
problem of this approach. This problem arises from allowing the material to flow 
through the mesh. One solution to this problem is to use preferential transport of 
materials (Huertas-ortecho 2006). An example of using an Eulerian approach to deal 
with the bird strike scenario is shown in Figure 2-6. 
 
Figure 2-6: Eulerian model for simulating the bird strike on a rigid target (Heimbs 2011) 
In Figure 2-6, the target structure is modelled using the Lagrangian method, whereas 
the Eulerian technique is mainly used for the soft body projectile, thus a coupled 
Eulerian-Lagrangian approach is defined and adopted to investigate this impact 
problem. The Eulerian volume contains fluid materials as well as some void space. 
Therefore, the number of elements in the Eulerian analysis is higher than that in the 
Lagrangian approach. As a result, the computational cost in the Eulerian analysis is 
relatively high (Heimbs 2011). In addition, there are some dispersion problems 
associated with the mass flux between elements and this is due to the energy loss at 
the contact surface during the bird strike (Lavoie et al. 2009). 
 
 
 
Eulerian volume 
Target 
Projectile 
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2.4.3. Smoothed Particle Hydrodynamics (SPH) approach 
The Smoothed Particle Hydrodynamics or SPH method was first introduced by 
Gingold and Monaghan (Gingold and Monaghan 1977) in the late 1970s for 
astrophysics problems to deal with fluid masses moving arbitrarily in the three-
dimensional space. The SPH method is suitable for modelling large material 
deformations and solving computational fluid dynamics problems. Grimaldi et al., 
adopted this method for performing simulations of large deformation situations (e.g. 
crash simulation) (Grimaldi et al. 2013). Lavoie et al. (Lavoie et al. 2007), used the 
SPH approach to simulate the bird strike, which involves large deformations. This 
implies that the SPH method can be applied to the bird strike problem even though 
much lower velocities are modelled (100-300 ms-1) than that in astrophysics 
applications (>100,000 ms-1). 
This method was first adopted for bird strike problems between the late 1990s and 
early 2000s, where the PLEXUS code was used at that time to model the bird strike 
on the engine fan blade (Heimbs 2011). The method is now being used to model 
hypervelocity impacts (~10 kms-1), where material shatters upon impact, in the design 
of spacecraft (Johnson and Holzapfel 2003). Johnson and Holzapfel (Johnson and 
Holzapfel 2003) and McCarthy et al. (Mccarthy et al. 2004) have recently used this 
technique in their bird strike simulation with success, which confirms its applicability. 
The SPH method is basically a mesh-less Lagrangian method whose foundations are 
based on a pseudo-particle interpolation theory from Hedayati and Ziaei-Rad 
(Hedayati and Ziaei-Rad 2013). Discrete, mutually interacting particles, which are 
topologically independent of each other are used instead of the finite elements. The 
properties of the particles are known and each particle represents an interpolation 
point. The particles in the SPH method also carry hydrodynamic and thermodynamic 
information; this is needed in order to specify the evolution of the fluid (Grimaldi et al. 
2013). An interpolation function known as kernel function is used for calculating an 
estimation of the field variables at each particle (Nizampatnam 2007). The kernel 
function is active only in a limited zone, called support domain, for each interpolation 
node (Hedayati and Ziaei-Rad 2013). Each node has a given mass and the values of 
state variables for the node are determined based on the mass of the node itself and 
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the masses and distances of the adjacent nodes in its zone (Hedayati and Sadighi 
2015). 
In this approach, the interpolation relies on the interactions of the neighbouring 
particles. Therefore, it is of great importance to determine which particles will interact 
together. In 2000, Lacome (Nizampatnam 2007) introduced a neighbouring search 
technique, which he considered to be a sphere of radius 2ℎ. A Bucket sort algorithm 
was used as this technique was very time consuming. This algorithm splits the domain 
covered by the particles into boxes of given sizes, then the algorithm searches for 
neighbouring particles inside the boxes and the neighbour boxes. This is shown in 
Figure 2-7. 
 
Figure 2-7: Illustration of particle interaction, SPH particle k in neighbourhood (Nizampatnam 
2007) 
 
Comparing to Lagrangian approach, which suffers from excessive mesh distortion, 
SPH approach does not suffer from the severe mesh distortion problem during the 
fluid-solid interaction since SPH is a meshless approach. Besides, the explicit time 
step is uniform for the SPH model. Also, SPH does not experience any material 
interface problems, such as those present in the Eulerian approach (Nizampatnam 
2007). Similar to the Lagrangian approach, the SPH approach also allows tracking of 
the material deformation and history (Grimaldi et al. 2013). Another major advantage 
of this scheme is the adaptive nature of the particle approximations (Chandra et al 
2011). 
Comparing to Lagrangian approach, SPH method is more computationally demanding 
in terms of both hardware memory and computation time. However, this can be 
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overcome using parallel computing with more than one CPU. Another drawback of 
using SPH is the lack of sharp boundaries (Anghileri et al. 2005), which makes it hard 
to apply boundary conditions especially after the deformations have started and 
particles have spread. “Tension instability” is also one short come of this approach. 
This is when the particles under negative pressures (tension) form unphysical clusters 
which cause numerical problems (Dyka and Ingel 1995; Heimbs 2011). 
In my research, ABAQUS/EXPLICIT is used for conducting SPH simulation. The 
particle conversion from the meshed elements takes place during the “Element Control” 
Option Tab. In addition, a parametric study is carried out to optimise the number of the 
particles in each of the meshed element. 
 
2.5. Material characterization tests of bird substitute materials  
As already mentioned, gelatine and RTV rubber are both commonly employed as 
appropriate bird materials and are categorised as soft solids, or non-Newtonian fluids 
whose mechanical behaviour is highly rate dependent (Forte et al. 2015; Meunier et 
al. 2008). Hence, in this section, literature research of the strain rate effect on the 
mechanical properties of the two soft materials is discussed. 
 
2.5.1. Material characterization test of the ballistic gelatine  
Gelatine is defined by Ash (Ash 2007) as the amalgamation of proteins derived from 
the partial hydrolysis of collagen. Gelatine is typically derived from animal tissues, 
mainly sourced from skins (porcine or bovine type) and bones. The source of the 
gelatine affects its mechanical properties. 
The defining features of gels in general are described by Djabourov (Djabourov 1991): 
gels are two-phase systems where a liquid is dispersed or dissolved in a solid network; 
gels also show a solid-like response to mechanical forces, and the two-phase system 
is interconnected continuously throughout the gel system. 
Gelatine gels specifically are bio polymer gels which solidify from the physical cross-
linking of ionic bonds (Kwon and Subhash 2010). Gelatine gels contain chains of 
flexible and random coils of collagen proteins (Sala et al. 2009) which form a mesh-
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like structure through a disordered cross-linked network (Djabourov 1991). The 
microstructure of gelatine gels is shown in Figure 2-8. It is observed that higher 
concentrations of gelatine possess a much denser mesh. 
 
Figure 2-8: Microstructure of gelatine (Djabourov 1991): (a) 2% gelatine and image; (b) 10% 
gelatine. The bar in the corner represents 100 nm. The white bar represents 100 nm 
Gelatine has had a long history of diverse applications (Ward et al. 1978). The initial 
use of gelatine was in foods which still continues today to a great extent. Gelatine gels 
are widely used in the food industry in a variety of common products. Gelatine powder 
can be found as a commercial product in itself and it is also commonly used as a 
stabilizer, thickener, and texturizer in foods and dietary supplements (Forte et al. 2015). 
Another industrial use of gelatine is as an emulsifier in photographic films and 
pharmaceuticals (Shepherd et al 2009). 
Another important application of gelatine is as a substitute for soft tissue with such 
applications commonly using the ballistic type of gelatine. Ballistic gelatine is an 
appropriate material to simulate soft tissue because it can simulate the density and 
viscosity of living tissue and therefore has a similar ballistic response to human muscle 
tissue (Shepherd et al 2009; Nicholas and Welsch 2004). Moreover, it is an excellent 
alternative to replacing living tissue because of its ethical acceptability and 
convenience. 
Ballistic gelatine is a specific type of gelatine used to investigate the effect of impact 
situations and terminal performance of soft tissue (Cronin and Falzon 2011; Kwon and 
Subhash 2010; Liu et al. 2013). It is frequently used to study the effect of large 
deformations and high impact forces caused by explosive events or penetration of 
projectiles. For example, it is extensively used in military applications to investigate 
the terminal ballistics of projectiles such as bullets (Knudsen et al. 1995). Ballistic 
gelatine is also regularly used to model the bird tissue in bird strike studies in aviation 
(Yik et al. 2012). 
(a) (b) 
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Due to the numerous applications of gelatine, there has been a marked increase in 
the number of research studies on its mechanical behaviour in the last decade 
(Chester 2012). A recent study by Forte et al. (Forte et al. 2015) reported the effect of 
the strain rate on the mechanical properties of the gelatine gel from SuperCook LLP, 
UK, made from a powder extracted from the bovine skin and bone. It was found that 
the properties of the gels were strain rate dependent with higher rates leading to 
increased fracture stress and strain. However, the deformation properties such as the 
modulus is largely independent of the strain rate, which is a rather odd phenomenon 
as most rate dependent materials will exhibit rate dependency on both their fracture, 
i.e. energy release rate, fracture stress and strain, as well as deformation properties, 
i.e. stress-strain response before fracture and the modulus. The same material 
behaviour was found by Gamonpilas et al. (Gamonpilas et al 2009), who investigated 
the deformation and fracture properties of two starch gels through uniaxial 
compression and wire cutting experiments. By varying the strain rate and gel 
concentration, they concluded that the stress-strain response shows a rate 
independent behaviour but fracture exhibits a strong rate dependence. 
Cronin and Falzon (Cronin and Falzon 2011) used ballistic gelatine samples with 10% 
concentration as a substitute material of soft tissue. The gelatine samples were tested 
at strain rates of 0.01, 0.1 and 1.0 s−1 up to failure under a hydraulic test frame. 
Subsequently, Mooney-Rivlin and Ogden constitutive models were introduced to fit the 
data but were not reported since the simpler Neo-Hookean model provided an 
adequate fit to the data. In addition, the effects of temperature and ageing on the failure 
stress and strain were studied and it was found that failure stress and stiffness 
increased whilst failure strain decreased at longer ageing times or decreased 
temperature. 
Kwon and Subhash (Kwon and Subhash 2010) performed tests in the dynamic range 
using a polymeric split Hopkinson pressure bar (PSHPB) which is a split Hopkinson 
pressure bar modified by replacing the commonly used metal bars to polymeric bars 
due to the fact that gelatine has low impedance value compared to that of the metallic 
materials. Samples were tested at rates 2000 to 3200 s-1 up to the failure point. They 
found gelatine to show strong rate dependent behaviour with the material strength 
increasing with strain rate. 
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Salisbury and Cronin (Salisbury and Cronin 2009) also used a PSHPB to investigate 
10% and 20% ballistic gelatine at rates of 1000 to 4000 s-1. Again, they found a 
considerable strain rate dependence of the stress-strain relationship. Interestingly, 
they also found samples with 10% concentration to be less sensitive to the strain rate 
compared to the 20% formulation. 
It is apparent from literature (Forte et al. 2015; Cronin and Falzon 2011; Kwon and 
Subhash 2010; Salisbury and Cronin 2009) that the compressive deformation 
behaviour of ballistic gelatine is predominantly rate-independent at low rates in the 
quasi-static regime - strain rates in the order of magnitude of 0.001 to 1.0 s-1.  In the 
dynamic regime at rates above 1000 s-1, the deformation is found to be significantly 
rate-dependent with the material strength increasing with speed. Thus, it may be 
hypothesised that ballistic gelatine deforms predominantly (hyper) elastically at low 
rates but viscoelasticity is significant at high strain rates. 
Therefore, in Chapter 3, the mechanical properties of the ballistic gelatine at quasi-
static rates (0.25 min-1 – 25 min-1) will be investigated to compare with the results from 
the ordinary gelatine gel. Additionally, the experimental data at these rates will 
subsequently be used to calibrate a material model, suitable for ballistic gelatine. 
 
2.5.2. Material characterization tests of the RTV rubber  
Room temperature vulcanized (RTV) silicone is a liquid medical-grade silicone, which 
contains an elastomer base combined with a catalyst (stannous octoate) also called 
the vulcanizing agent (Jerschow 2001). The elastomer base material together with the 
catalyst vulcanizes to a soft silicone rubber which is indistinguishable from the 
medical-grade silicone rubber. The vulcanization process occurs without the 
development of any heat (Vistnes and Paris 1977). Its products are available in a 
various range of low to medium softness, also known as the shore hardness value 
(from 10 shore to 60 shore, with lower shore number representing softer rubber). 
RTV silicone rubber exhibits good chemical resistance, aging resistance and high 
temperature resistance (up to 205 °C or higher). In addition, comparing to mould 
rubbers, its incomparable release property helps the finished products separate from 
the parent mould easily. For those reasons, RTV silicone rubber is an excellent 
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material to be used for casting low melt metals and alloys, epoxy and polyester resin 
(without using a release agent). Also, RTV silicone is employed for making gaskets 
and O-rings due to its capability to withstand mechanical and thermal stresses. 
According to a report produced from MOMENTIVE, a company specialising in making 
RTV silicone rubber, RTV rubber has been used in 35 components of the modern 
aircraft (MOMENTIVE 2012). Alternatively, this soft material also plays a crucial role 
at the pharmaceutical and cosmetic industries, used for making tubing supplements. 
Furthermore, RTV rubber is a good candidate to be used as an insulator, which can 
be combined with other materials to build electric circuits (Kumar et al 2016). 
With its excellent material properties and wide applications, RTV rubber has been 
investigated a great deal by researchers across different sectors. A technical report by 
O’Hara (O’Hara 1983), tested the mechanical properties of four different types of RTV 
rubber in a closed volume, including the Poisson’s ratio and bulk modulus. He found 
that when the applied pressure increases, there is a proportional rise in both Poisson’s 
ratio and bulk modulus for all four types of RTV rubber. 
The uniaxial compressive response for silicone rubber (B452 and Sil8800) and pig 
skin was measured and compared by Shergold et al (Shergold et al 2006). A wide 
range of strain rates from 0.004 s-1 to 4000 s-1 were investigated using the Split-
Hopkinson Pressure Bar (made from from Aluminium-Zinc Magnesium (AZM) alloy) in 
the compression test. High gain semi-conductor strain gauges were used on the 
polymeric bars to detect the stress pulse. They found that the strain rate sensitivities 
of two silicone rubbers were evidenced by an increase in the shear modulus with 
increasing strain rate; a single term Ogden strain energy density function adequately 
describes the measured constitutive response of each solid. The strain rate 
sensitivities of the pig skin and two silicone rubbers were quantified. They also 
concluded that the Ogden constitutive model provides a better fit than the Mooney-
Rivlin model when describing the compressive response and the strong strain 
hardening capacity of both these materials. Moreover, the research reveals that pig 
skin strain hardens more rapidly than silicone rubbers and has a greater strain rate 
sensitivity. 
Meunier et al. (Meunier et al. 2008) used the Ogden hyperelastic model together with 
four other models (Neo-Hookean, Mooney, Gent, and Haines & Wilson models) to 
31 
characterize unfilled silicone rubber. Five homogeneous tests, i.e. tensile, pure shear, 
compression, plane strain compression and bulge tests, were conducted. During the 
tests, Digital Image Correlation (DIC) was employed to measure the full-field strain on 
the surface of the deformed samples. Experimental results were obtained to compare 
with the outputs of the corresponding simulations to emphasize the significance of the 
selection of the hyperelastic constitutive model. 
Shim et al. (Shim et al. 2003) studied the effect of strain rate on the deformation 
behaviour of three types of rubber under tension and compression using a Hopkinson 
bar. The strain rate used ranged from quasi-static rates up to 3300 s-1. Based on 
experimental data, a visco-hyperelastic constitutive model was applied to describe the 
response both in tension and compression. A comparison between the predictions 
from the constitutive model and the measured data showed a good agreement. 
 
2.6. Investigation of soft impact loading on aircraft materials 
Bird strike imposes great safety concerns in the aviation industry, and an increasing 
number of bird strike accidents has spurred greater efforts at designing new aircraft 
with more impact resistant components. As already mentioned at the Introduction 
chapter, both the windshield and aluminium sheet components will be used as targets 
for the bird strike in the present study. This is because the fuselage (mainly made of 
aluminium alloy) and windshield undergo 10 % and 13 % of the overall body impacts 
respectively. In this section, a literature review of experimental and numerical studies 
of the bird strike on aircraft materials (windshield and aluminium sheet) is summarised. 
 
2.6.1. Bird strike studies on aircraft windshield 
Due to the high cost of performing high speed impact experiments, most of the 
literature research related to the aircraft windshield is numerically based, with only a 
limited number of research conducted experimentally. Doubrava et al. (Doubrava and 
Strnad 2010; Doubrava 2011) studied the performance of laminated windows with 
overall thicknesses of 14, 18 and 20 mm against impact by a 1.81 kg bird at the velocity 
range from 83-125 ms-1. The details of the laminated configuration are not specified, 
but the velocity at which the failure occurred indicates a linear trend with increasing 
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thickness of the windshield. Kangas and Plgman (Kangas and Plgman 1950) 
conducted bird impact tests at velocities up to 208 ms-1 on various windshield materials 
and structures. Their studies suggest that the primary factor affecting the impact 
strength of laminated windows is the thickness of the plastic interlayer. Different 
methods of assembly of the windshield to the cockpit were also investigated and it was 
concluded that it has a great impact on the impact strength of the windshield. 
Salehi et al. (Salehi et al 2010) investigated the impact response of various aircraft 
bubble windows using three numerical approaches, namely the Lagrangian, Arbitrary 
Lagrangian Eulerian (ALE) and Smoothed Particle Hydrodynamics (SPH) approaches. 
Single layer stretched acrylic, multi-walled stretched acrylic, laminated acrylic with 
Polyvinyl Butyral (PVB) and Polyurethane (PU) were evaluated. The laminated 
configuration with the PU interlayer was shown to be able to withstand bird strike 
according to the Certification Specification (CS) -25 (Georgiadis et al. 2008). Dar et al. 
(Dar et al. 2013) studied the impact response of the canopy made of monolithic PMMA. 
Parameters such as the bird mass, shape and impact velocity were assessed. Also, 
the effect of the impact angle and location were studied. Additionally, Wang et al. 
(Wang and Yue 2010; Wang et al. 2014) tested the impact response of the PMMA 
canopy, taking the influence of ambient temperature, impact location and velocity into 
account. 
There are a limited number of numerical studies available on aircraft windshields. 
Grimaldi et al. (Grimaldi et al. 2013) adopted the SPH approach to conduct a 
parametric study on the impact response of a laminated window consisting of three 
layers of glass and two layers of PVB interpayer. They investigated the effects of 
impact angle, plate curvature and target geometry on the impact response of the 
windshield against the bird strike. They concluded that the impact angle (see Figure 
2-9) was found to have the biggest influence on the impact resisitance performance.  
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Figure 2-9: Impact angle: (a). impact angle at 90o; (b) impact angle at 60o; (c) impact angle at 
30o 
 
The larger the impact angle is, the higher the impact energy that the target will 
withstand. By increasing the ratio of the glass thickness to the polymer thickness from 
1 to 2, the maximum energy absorbed in the panel was reduced by 20 - 30%. An 
additional rise of the ratio to 3 was concluded to have no significant effect. Moreover, 
Hedayati et al. (Hedayati et al. 2014) used the SPH method to determine the best 
material for a helicopter windshield according to CS-29 in European Aviation Safety 
Agency (EASA), concluding that the laminated glass with a PVB interlayer performs 
the best. 
Recently, Mohagheghian et al. (Mohagheghian et al. 2017), investigated the 
deformation and damage mechanisms of laminated glass windows experimentally and 
numerically under high velocity soft impact. Impact tests were performed using silicon 
rubber projectiles at a velocity range of 100–180 ms-1. High-speed 3D DIC was 
employed to monitor the deformation and strain at the back surface of the target and 
its results were validated using strain gauges. The simulations were performed in 
ABAQUS/EXPLICIT using an Eulerian approach. The simulations were validated with 
the experimental results and a good agreement was observed. As a result, a few 
conclusions can be drawn. Firstly, the damage inflicted is sensitive to the nose shape 
of the projectile with a flat-fronted nose soft projectile being more damaging than a 
projectile with a hemi-spherical nose. Two impact velocity thresholds for damage are 
identified for a flat-fronted nose projectile. When the impact velocity exceeds the first 
threshold, the glass front layer breaks. This damage occurs in the early stages of the 
hydrodynamic loading and has similar characteristics to that observed for liquid jet 
impact (Mohagheghian et al. 2017). A combination of Rayleigh surface waves and 
localised bending stresses is believed to be responsible for the damage in this layer. 
(a) (b) (c) 
Target 
Projectile 
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The rear glass layer breaks when the impact velocity and the associated impulse 
transferred to the target is high enough to exceed a second higher threshold velocity. 
The fracture is initiated from the point of maximum flexural stress, which normally 
occurs at the centre of the specimen. The front glass layer in a laminated glass window 
acts as a sacrificial layer and protects the rest of the structure from premature failure. 
In contrast, for a thick monolithic glass, the damage made in the early stages of the 
hydrodynamic loading causes the structure to lose its load carrying capacity at 
velocities much lower than that for the laminated glass. The order of the glass layers 
has a significant effect on the impact performance. Laminated glass with a thinner 
glass layer in the front outperforms the case when this layer is located at the back. In 
the former case, the thicker rear glass is protected from failure in the early stages and 
is able to carry the remainder of the load. The choice of glass front layer type 
(chemically versus thermally strengthened glass) is found to have no significant effect 
on the maximum strain in the rear-glass layer for soft impacts in the range of impact 
velocities investigated. Finally, the model developed represents well the 
experimentally determined deformation and strain response using 3D DIC. Knowledge 
of these deformations and associated strains is key in determining the onset of failure 
and so the model developed can provide the basis of a viable design tool for aircraft 
windshields in the future. 
Since the investigation carried out by Mohagheghian et al. is only restricted to the 
rubber projectile impact on the laminated glass window, a comparison of ballistic 
gelatine and rubber impact is conducted in Chapter 6 in order to compare the effect 
of the projectile material. Furthermore, the finite element approach SPH is also 
implemented in this research to compare the experimental results and thus to develop 
a verified simulation model for studying the soft impact. 
Investigations on bird strike impact of aircraft windshields vary specifically due to the 
structural design and material employment of each windshield therefore different types 
of aircraft will have corresponding impact characteristics. Thus, it is difficult to reach a 
conclusion on the impact resistance of the aircraft windshield. Apart from the 
windshield structure, fuselage made of aluminium alloys is also greatly susceptible to 
bird strike and relevant literature studies are summarised in the following section. 
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2.6.2. Bird strike studies on the aluminium alloy structure 
Hanssen et al. (Hanssen et al. 2006) and Liu et al. (Liu et al. 2014), used real birds as 
impact projectiles to compare experimental results to their FE model for predicting the 
failure of structural components due to bird strike. Hanssen et al. varied the thickness 
of the AlSi7Mg0.5 aluminium foam (as the core material) bonded in between AA2024 
T3 cover plates to evaluate the penetration. Liu et al. used the gas gun test results to 
calibrate the constants in the strain rate dependent Cowper-Symonds Law. Both 
studies chose aluminium alloy such as 2024-T3 as the main impact target because 
aluminium alloy plays a pivotal role in the aircraft structure, especially the 2000 series 
and 7000 series aluminium alloys (Shevell 1988). Also, they adopted strain gauges to 
measure the target compliance during impact in order to find the minimum foam-core 
thickness to avoid penetration of the bird strike. Lavoie et al. (Lavoie et al. 2009) used 
ballistic gelatine with a bespoke recipe as the replacement of the real bird to study the 
impact pressure under a bird strike scenario. They found that their test results can be 
used to validate numerical models and even employed in aircraft design and 
certification process.  
Due to the high cost and complexity of gas gun experiments, a number of finite element 
methods have been developed to simulate bird strike. (Heimbs 2011). The three 
methods discussed in Section 2.4, i.e. the Lagrangian, Coupled Lagrangian Eulerian 
and Smoothed-Particle Hydrodynamics have all been used in simulation studies 
related to bird strike on aircraft components. 
The Lagrangian analysis, as detailed in Section 2.4.1, is a standard approach for solid 
structural finite element analyses, where material points coincide with spatial points. 
Liu et al. (Liu et al. 2014), Meguid et al. (Meguid et al. 2008) and Airoldi and Cacchione 
(Airoldi and Cacchione 2006) used the Lagrangian method to model the impact 
process. It was the simplest method to simulate the bird strike problem before other 
measures were verified to be more accurate. The Eulerian method was introduced in 
the late 1990s to simulate bird strike by using DYTRAN codes (Anghileri and Sala, 
1996; Anghileri and Bisagni, 2000) (Hedayati and Sadighi 2015). The high 
computational cost and the difficulty in keeping track of the history of the material 
behaviour, drove researchers to look for alternatives (Nizampatnam 2007; Smojver 
and Ivančević 2011). The Smoothed Particle Hydrodynamics (SPH) method has been 
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used for modelling fluid-structural interaction problems after it was initially developed 
and applied to astrophysics problems in the 1970s (Johnson and Holzapfel 2003). 
Since then, there has been an increasing amount of studies using SPH in fields 
involving splashing fluids, including the bird strike problem (Connolly et al. 2013; 
Gingold and Monaghan 1977). Lavoie et al. (Lavoie et al. 2009) and Liu et al. (Liu et 
al. 2014) adopted SPH in their modelling of real bird impact and made a comparison 
with the Lagrangian method. Vignjevic et al. (Vignjevic et al. 2013) developed an in-
house SPH solver in DYNA3D to investigate the effect of the bird shape, impact timing 
and impact location on the aircraft blade using a normalised Kernel function. They 
found that the location of the bird impact has a considerable influence on the blade 
response, which was mainly due to changes in the bird slice size caused by the change 
in the blade pitch at the impact location. 
In the investigation presented in Chapter 5, a 3D DIC technique is used to measure 
the compliance of the aluminium target in gas gun tests. In addition, DIC experimental 
results can be employed to compare the simulation predictions using the three finite 
element approaches and subsequently determine the most accurate method to 
simulate both the rubber and gelatine impacts. Hence, the simulation model can be 
validated in this approach and used in further investigation for the real bird impact in 
order to aid the aircraft structural design and certification process. 
To summarise, research has been conducted on bird strike both experimentally and 
numerically, and there has been a great number of studies comparing experimental 
results with numerical simulations. However, among the studies mentioned above, 
none of them have used digital image correlation in their gas gun test, from which the 
out of plane displacements and local major strains can be extracted in order to 
compare with these values from the simulation prediction. In addition, the three 
methods, namely the Lagrangian, Eulerian and SPH methods, were employed to 
compare with the experimental work, which is also a novel advancement of the field. 
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2.7. Conclusion 
Two soft materials, ballistic gelatine and RTV rubber, were found to be suitable for 
substituting real birds. Studies compared the dynamic behaviours of both materials to 
those of the real bird under the high speed impacts and it was reported that they were 
close. In order to understand the material behaviour of the two surrogate materials, 
mechanical tests were conducted to study the strain rate effect on the material 
properties. The parameters of the constitutive models were determined and employed 
in numerical models. Extensive research has been conducted with both experimental 
and numerical investigations of the soft impact loading on the aircraft materials, 
specifically on the windshield and aluminium alloy structures. It is found that the impact 
response of the windshield largely depends on this laminated window configuration, 
including the type of polymer interlayer, the thickness of the glass plate and impact 
parameters (including the velocity, angle and location of the impact projectile). Also, 
impact compliance studies of the aluminium target were recorded by investigators 
mentioned in Section 2.6.2 who employed strain gauges in the gas gun test or 
numerically modelling the bird strike using various finite element approaches to study 
the impact behaviours of both target and projectiles during the impact. 
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Chapter 3. Mechanical performance of bird 
substitute material under quasi static compression 
test 
 
 
3.1. Introduction 
Ballistic gelatine and RTV rubber are both categorised as soft solids whose 
mechanical behaviours are rate dependent. Quasi-static compression tests were 
conducted on both materials to investigate the effect of strain rate on the deformation 
and fracture properties. The stress-strain response under quasi-static compression 
was obtained and constitutive models, i.e. the Ogden and the Mooney-Rivlin models, 
are employed to approximate the test data. Since both materials are used as 
substitutes of a real bird for the gas gun test presented in Chapter 5, the material 
characterisations for both materials at quasi-static rate are essential to understand the 
full range of the mechanical behaviour. The material parameters are subsequently 
used as an input for the numerical models. 
Ballistic gelatine is often used as the human tissue substitute for ballistic studies in the 
biomedical industry (Czerner et al. 2013). Alternatively, gelatine gels are employed as 
the gelling agent in the food and cosmetic industry to thicken and stabilize products. 
RTV rubber on the other hand, is frequently used as the prototype and mould making. 
Also, its products in the aviation and aerospace industry are widely employed, i.e. 
cockpit instruments, engine electronics potting, and engine gasketing (Vistnes and 
Paris 1977). The mechanical behaviour of both materials at the quasi-static rate is 
therefore important as it determines the properties of the end products. 
 
 
39 
 
3.2. Quasi-static compression test 
3.2.1 Materials and methods 
3.2.1.1. Ballistic gelatine sample preparation 
Cylindrical moulds used to prepare the ballistic gelatine samples were made from a 
PTFE and were placed on a PTFE or perplex plate as shown in Figure 3-1. Blue-Tack 
was applied at the interface of the cylinder and plate to prevent the leakage of the 
gelatine solution. In addition, paraffin oil was applied at the interface and surface of 
the mould to seal the seam and ease the subsequent removal of the gelatine sample. 
 
Figure 3-1: The mould used to prepare the samples is shown 
PTFE or perplex plates were already available but the cylinders of required dimensions 
had to be manufactured. Initially, 18 cylinders with the height and diameter of 20 mm 
were manufactured from a PTFE rod. However, the height of cylinders were reduced 
to 15 mm to avoid buckling at the initial shapes of the test. 
Ballistic gelatine samples of varying concentrations were prepared following the 
method of Forte et al. (Forte et al. 2015). Ballistic gelatine samples are described by 
their concentration which is calculated by the standard equation, 
 % 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑚𝑔
𝑚𝑤 + 𝑚𝑔
× 100 % Equation 3-1 
where 𝑚𝑔 and 𝑚𝑤 are the mass of the gelatine and water respectively. 
The sample preparation process was monitored by a thermometer. Distilled water was 
heated up to 80 °C and maintained at this temperature using a hot plate. The required 
mass of powdered gelatine (42043 porcine skin ballistic gelatine type 3 with 255-265 
Bloom value, from Sigma-Aldrich Co. LLC.) was added to the water and stirred using 
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a magnetic stirrer for five minutes. The solution was then removed from the hot plate 
and left to cool down to 60 °C at the ambient temperature. The solution was 
subsequently poured into the moulds, tightly covered with the cling film to avoid drying 
of the gelatine and left overnight in a domestic refrigerator at approximately 5 °C. 
Subsequently, the samples were left to warm up to ambient temperature before testing. 
 
Figure 3-2: (a) sample solution inside moulds before cooling (b) samples removed from 
moulds before experiments 
 
 
3.2.1.2. RTV silicone sample preparation  
In this study, RTV rubber, Mold Max ® 10T was used, which has a density of 1060 
kgm-3. Cylindrical projectiles, with flat faces, were made by mixing two liquid 
components provided by the supplier Smooth-On, Inc. and casting them into 
aluminium moulds, which are shown in Figure 3-3. The moulds were then left in the 
vacuum chamber for curing and degassing in order to eliminate any bubbles generated 
during the mixing process. The vacuum chamber is also displayed in Figure 3-3, in 
which the mixing liquid was left overnight till the solid rubber was formed. 
 
(a) (b) 
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Figure 3-3: Equipment used to make the RTV silicone rubber 
After taken out from the mould, cylindrical rubber samples of 15 mm diameter and 40 
mm length were obtained, which were then cut using a sharp blade into a 15 mm 
length and 15 mm diameter rubber samples, ready for the test. Extra carefulness was 
taken to ensure that the top and bottom of the sample are flat during the cutting, 
otherwise, the results will be affected due to the non-uniform sample height. The 
prepared rubber samples are shown in Figure 3-4. 
 
Figure 3-4: Samples of RTV silicone rubber for quasi-static compression tests 
There are four different types of RTV rubber produced using this method and they 
were categorised by the shore hardness value. By definition, the shore hardness is a 
measure of hardness of the polymer and the higher the value, the harder the material 
will be. With regards to this quasi-static compressive test, only the 10 shore RTV 
rubber was investigated. This is because the softness and density of the 10 shore 
rubber is close to that of the ballistic gelatine. Additionally, both the 10 shore rubber 
and 10% ballistic gelatine are the test samples selected for the gas gun tests described 
in Chapters 5 and 6. 
60C Shore 
10 Shore 
60 Shore 40 Shore 
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3.2.1.3. Ballistic gelatine test method 
Uniaxial compression tests were conducted on the Zwick testing machine with a 1 kN 
load cell. Ballistic gelatine samples of diameter 20 mm and height 15 mm were 
compressed at true strain rates of 0.25, 2.5 and 25 min-1. Since compression of 
ordinary gelatine was conducted by Forte at al (Forte et al. 2015) at the same strain 
rates, test results of the ballistic gelatine will subsequently be used to compare with 
those from the ordinary gelatine. A description of the compression test rig is shown in 
Figure 3-5. 
 
Figure 3-5: (a) Low rate compression test set-up using the Zwick machine; (b) sample and 
platens before compression with paraffin oil applied at the interface 
Figure 3-5 (b) shows the experimental set-up: samples were placed between two 
PTFE compression platens and the crosshead was lowered using the manual controls 
of the machine until the top platen was touching the gelatine sample. The sample was 
then compressed at true strain rates up to 25 min-1, with the crosshead driven at 
exponentially reducing speeds to keep the true strain rate constant. Lubricant was 
added between the contact surfaces to minimize frictional effects. Initially, silicone 
Paraffin lubricant was added 
at the contact surfaces for 
each test 
Crosshead moves at constant 
true strain rate – i.e. speed 
exponentially decreases 
PTFE compression platens: the top 
platen is attached to a load cell adapter 
while the bottom platen is secured to the 
machine using reversible tape.  
Load cell: 1 kN load cell was 
used to record the load data 
(a) 
(b) 
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grease was used for lubrication but it was found after several experiments that paraffin 
oil was superior as the compression test results are less scattering. 
 
Figure 3-6: 10% gelatine deformed at 0.25 min-1: (a) before compression; (b) during 
compression; (c) failure 
Figure 3-6 shows images of a typical low rate compression test taken at different 
periods of time. The far left photograph (a) is taken before the start of compression, 
the central photograph (b) shows the sample during compression and the far right 
photograph (c) is the sample after fracture. It can be seen that the sample undergoes 
large deformations with the diameter increasing uniformly as it is compressed. 
As shown in Figure 3-6, the ballistic gelatine sample with 10% concentration is being 
compressed uniformly with the help of the paraffin oil. Additionally, 5% ballistic gelatine 
was also used for the compression investigation and a comparison to the 10% ballistic 
gelatine was made. 
 
 
 
 
 
Sample size: 
15 mm in radius 
20 mm in height 
(a) (b) (c) 
𝜀 = 0 𝜀 = 0.2 𝜀 = 0.5 
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3.2.1.4. RTV rubber test method 
A uniaxial compression test of the RTV rubber was conducted using an Instron 
machine with a load cell capacity of 5 kN as the Zwick machine used for carrying out 
the gelatine test is limited to 1 kN, which is not enough to measure the force generated 
during compression of the RTV rubber. In order to investigate the rate dependent 
effect on the material properties, three rates were applied in the quasi-static test for 
the RTV rubber: 0.25, 2.5 and 25 min-1, which are set at the same rates as the gelatine 
so that the results from both samples are comparable. 
The Instron machine used for conducting the rubber test is shown in Figure 3-7. The 
5 kN load cell was installed at the bottom of the Instron machine, which is connected 
to the clamping part supporting the steel plate. Though the 25 kN load cell is illustrated 
in Figure 3-7, it is not active and only used as the fixation part at the top of the Instron 
machine. 
 
Figure 3-7: Test rig for the RTV rubber compression test 
In Figure 3-7, the PTFE platens were attached onto the contacting surfaces of the 
steel platens so that the RTV rubber sample will be directly interacting with the PTFE 
plate during the compression test. Lubricant was applied between the contacting 
surfaces of rubber and PTFE plates to further reduce the friction. 
Crosshead measures the distance 
the load cell moves 
25 kN load cell (not in use) 
Clamping components to connect 
the plate and the connecting part 
on the load cell  
5 kN load cell (active) to measure 
the force 
Steel plates used to compress the 
RTV rubber sample  
PTFE plates are fastened onto the 
surfaces of the steel plates 
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Figure 3-8 below shows the compression images of the RTV rubber taken at different 
time instances. The image (a) in Figure 3-8 was taken before the test was running; 
images (b) and (c) were taken during the compression test; image (d) shows the end 
of the compression test, which is at the true strain of 1.9. 
 
 
Figure 3-8: 10 shore RTV rubber deforms at 1 mm/min: (a) before the compression; (b & c) 
during the compression; (d) end of the compression 
 
3.2.2. Test results 
During the compression tests, the sample deformation and corresponding force and 
test time were recorded. True stress 𝜎 and true strain 𝜀 were calculated assuming a 
constant volume deformation as the tests involved large deformations (Kwon and 
Subhash 2010; Forte et al. 2015). The two equations below were used, 
 𝜎 =
𝐹
𝜋𝑅2
ℎ
𝐻
 Equation 3-2  
 𝜀 = − 𝑙𝑛
ℎ
𝐻
 Equation 3-3  
where F is the force applied, R is the original radius of the specimen, H is the original 
specimen height, and h is the current specimen height. 
 
3.2.2.1. Test results of the ballistic gelatine 
The compression stress-strain responses of 5 % and 10 % ballistic gelatine are shown 
for strain rates of 0.25, 2.5, 25 min-1 in Figure 3-9. Higher concentration results in a 
greater initial modulus as the elastic matrix is denser in the gelatine sample with a 
higher concentration, with initial bulk modulus of 16 kPa and 4 kPa for the 10% and 
5% w/w concentration respectively. For both concentrations, the deformation is 
observed to be rate-independent with the slopes having approximately the same 
gradient. The peaks in stress correspond to material failure and it is clear that the 
fracture response is rate-dependent with the fracture stress and strain increasing with 
(a) (b) (c) (d) 
𝜀 = 0 𝜀 = 0.5 𝜀 = 1.2 𝜀 = 1.9 
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the rate. Higher strain rates allow the samples to travel further along the curve before 
fracture.  
 
Figure 3-9: Compression stress-strain response for the 5% w/w and 10% w/w ballistic gelatine 
at strain rates of 0.25, 2.5 and 25 min-1 
Therefore, at large deformations, the stress-strain behaviour from the gelatine 
compression test is largely rate-dependent. After the true strain of around 1, the curve 
at each rate begins to deviate with higher strain rates also having greater gradients. 
This deviation is greater for 10% gelatine compared to 5% gelatine. The test is 
programmed to stop until the sample is compressed up to 12 mm at the strain rate of 
25 min-1, each test at that rate will terminate at the true strain of 1.6, at which some of 
the gelatine samples started to fracture. That is the reason why there is a sudden stop 
for all the blue curves in Figure 3-9. There, the true strain of 1.6 was considered to be 
the approximately the facture strain. Hence, corresponding fracture stresses are also 
recorded at three strain rates. 
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Figure 3-10: Average fracture strain as a function of strain rate 
 
  
Figure 3-11: Average fracture stress as a function of strain rate 
The average fracture stress and strain of 5% and 10% gelatine samples for tests at 
0.25, 2.5, and 25 min-1 are outlined in Figures 3-10 and 3-11. The trend of increasing 
fracture stress and strain with higher strain rates agrees with experiments conducted 
at similar speeds (Cronin and Falzon 2011; Forte et al. 2015). Fracture stress is also 
found to increase with gelatine concentration while concentration was seemed not to 
affect the fracture strain. This result is in agreement with (Forte et al. 2015). 
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Compression tests were also performed on gelatine samples at 50, 75 and 100 min-1. 
However, the Zwick machine was found to have difficulty in moving at constant true 
strain rates at higher rates without significant acceleration and deceleration periods. 
The strain rate was only partially constant for 50 and 75 min-1 and a constant rate was 
never achieved for 100 min-1. Therefore, the results are not entirely accurate for 
comparison and are not presented here. Nonetheless, the stress-strain behaviour for 
50 and 75 min-1 is included in Appendix A1. 
 
3.2.2.2. Test results of the RTV rubber 
The sample deformation, together with the corresponding force and time were 
recorded during the compression tests of the RTV rubber. Subsequently, the true 
stress and true strain values were calculated using Equations 3.2 and 3.3 in Section 
3.3.2 respectively. 
  
Figure 3-12: Compression stress-strain response for the 10 shore RTV rubber at strain rates of 
0.25, 2.5 and 25 min-1 
The compression stress-strain response of the 10 shore RTV rubber is shown at the 
strain rates of 0.25, 2.5, 25 min-1 in Figure 3-12, from which the error bars represent 
the scatter of the compression data. As the true strain rate rises, there is an increase 
in the data scatter. The initial gradient of each curve corresponds to the initial modulus 
of the RTV rubber sample. The initial gradients of three curves, before the strain of 
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0.3, are approximately the same for all strain rates, which is approximately 230 kPa. 
All the true stresses mentioned below are average true stresses. 
By observing Figure 3-8, the rubber sample experienced the buckling during the 
compression test. It might be due to the friction, which can affect the compressive 
response. In addition, the contact surface between the steel platen and PTFE platen 
is not rigidly fixed (a double sided adhesive tape was used in the test), which results 
in the fluctuations at the initial stress-strain response in Figure 3-12. Hence, some 
improvements are needed with the test rig in order to improve the test results, i.e. 
make PTFE platens used for the Instron machine similar to the one on the Zwick 
machine, without combining steel platens with the PTFE plates. As rubber is stiffer 
than gelatine, machine compliance needs to be minimised. 
Shergold et al. (Shergold et al. 2006) conducted uniaxial compression tests on silicone 
rubber at strain rates ranging from 0.004 s-1 to 4000 s-1. Since 0.004 s-1 (0.24 min-1) is 
very close to the minimum strain rate chosen in this test (0.25 min-1), the results from 
the two studies can be compared at the true strain rate of 0.25 min-1. In Figure 3-12, 
the corresponding true stress at the true strain of 0.5 is around 0.09 MPa, which is 
lower than the true stress of 1.14 MPa of the B452 silicone rubber at the same true 
strain rate. 
O’Hara (O’Hara 1983) measured the modulus of four different RTV rubbers at various 
strain rates. At the true strain rate of 0.25 min-1, the modulus of the four types of RTV 
silicone rubber was found to range from 0.2 MPa to 1.3 MPa. This range covers the 
modulus of 10 shore RTV rubber at the true strain rate of 0.25 min-1 in this test, which 
is computed from Figure 3-12 to be 0.23 MPa. 
Comparing with the ballistic gelatine, the RTV rubber sample is not yet fractured at the 
true strain of 1.6, whereas the gelatine samples fractured at the true strain of 1.6 or 
below for the true strain rates of 0.25, 2.5 and 25 min-1. In Figure 3-12, the average 
compressive stress and strain response at 0.25 min-1 is lower than that from 2.5 and 
25 min-1, which are coincident with each other till the true strain reaches 0.4. Above 
the true strain of 0.4, the average true stress will be greater when there is an increase 
in the strain rate. 
Since the initial stiffness for the compressive response at the three strain rates remains 
approximately the same (the slope is computed to be 230 kPa), the initial deformation 
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of the RTV rubber is considered to be rate independent. However, as the true strain 
rises to a value close to 0.4 or above, the average true stress with a higher strain rate 
will be greater, which indicates that the mechanical properties of the RTV rubber above 
certain strain level (close to the fracture point) become slightly more rate dependent. 
The error bars in Figure 3-12 indicates the test errors involved in the rubber 
compression test. Overall, when the strain rate increases, the stress-strain response 
will rise correspondingly. 
 
3.3. Discussion 
3.3.1. Comparison of compression test results of the ballistic and ordinary 
gelatines 
The results of the quasi-static compression test on the ballistic gelatine are obtained 
and compared with the ordinary gelatine results from Forte et al. (Forte et al. 2015), 
which are shown in Figure 3-13. It is indicated from the graph that both types of 
gelatine fractured at approximately the same true strain value at both concentrations 
and three different true strain rates. For instance, for the 10% w/w at 25 min-1, both 
gelatines start to rupture approximately at the true strain value of 1.6. However, the 
ballistic gelatine exhibits a higher fracture stress than ordinary gelatine, which can be 
explained by the different sources of these two types of gelatine. The gelatine powder 
used to make the ballistic gelatine is sourced from porcine skin, whereas bovine skin 
and bone is the source of ordinary gelatine. Since the gradient of the initial deformation 
and the true fracture stress are greater in the ballistic gelatine than those of the 
ordinary gelatine, it is concluded that the porcine skin source results in stiffer and 
stronger gels than the bovine counterparts. 
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Figure 3-13: Compression stress-strain response for the 5% w/w and 10% w/w, (a) ballistic and 
(b) ordinary gelatine at strain rates of 0.25, 2.5, 25 min-1 (Forte et al. 2015) 
 
3.3.2. Fracture pattern of the ballistic gelatine under low rate compression tests 
In order to observe the fracture characteristics of ballistic gelatine samples, 
photographs of the samples were taken before and after each test. Figure 3-14 shows 
a typical sample before compression: 
 
Figure 3-14: 10% gelatine sample before compression 
Different fracture patterns were observed at different strain rates. At low strain rates 
of 0.25 and 2.5 min-1, as illustrated in Figure 3-15, the fracture was found to be vertical 
with the fracture surface jagged and uneven. The samples also sometimes fractured 
into small fragments. No other forms of fracture that occurred frequently were 
observed at these rates.  
True stress (kPa) 
True Strain 
5% w/w 
10% w/w 
(a) (b) 
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Figure 3-15: Fracture gel sample: (a) 10% gelatine after 2.5 min-1 compression showing a 
vertical fracture; (b) 10% gelatine after 0.25 min-1 compression showing fragmentation 
At strain rates of above 25 min-1, two different fracture patterns were observed. Similar 
to the fracture patterns of 0.25 and 2.5 min-1, some of the samples fractured vertically 
with an uneven fracture surface. These type of fractures often included fragmentation 
as well. At the same time, some of the samples fractured in a line diagonal to the 
sample with a relatively clean fracture. This is indicative of a failure due to shear. The 
occurrence of shear failure was random with about half the samples showing such a 
failure mode. 
 
Figure 3-16: 10% gelatine at strain rates of 25 min-1: (a) vertical fracture; (b) shear fracture 
 
 
Figure 3-17: 10% gelatine: (a) rate 75 min-1 showing both vertical fracture and fragmentation; 
(b) 75 min-1 showing shear failure 
Cronin and Falzon (Cronin and Falzon 2011) performed uniaxial compression tests on 
10% and 20% ballistic gelatine at constant engineering strain rates of 0.01, 0.1, and 
1.0 s-1 and recorded the fracture pattern. They also observed vertical cracks initiating 
(a) (b) 
(a) (b) 
(a) (b) 
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along the length of the sample and propagating through until failure. Additionally, 
fragmentation due to multiple fractures simultaneously occurring was recorded, 
particularly at higher strain rates. However, they did not record any failure by shear 
and thus this project’s findings is not in full agreement with Cronin and Falzon’s 
observation. 
Though not strictly gelatine gels, Nakamura et al. (Nakamura et al 2001) observed 
failure by shear in gellan gels at rates of 100 mm/min during compression. Additionally, 
they observed the formation of vertical cracks at speeds of 0.1 mm/min. Since gellan 
gels are used as an alternative to gelatine, their mechanical properties may exhibit 
similarities (Nishinari 1999). Based on the compression test results, the samples which 
fractured vertically have similar stress-strain response to the ones fractured diagonally. 
 
3.3.3. Calibration of material model at low rates 
The stress-strain data obtained from the quasi-static compression experiments were 
used to calibrate approximate constitutive equations. Equations 3-4, 3-5 and 3-6 
correspond to the models that were considered, namely the Ogden, Mooney-Rivlin 
and Neo-Hookean models. 
Thus, Equations 3-4, 3-5 and 3-6 are used to fit the experimental data. A spreadsheet 
in Excel was employed to match the experimental data to the three hyperelastic 
models using the least squares method (Goh et al 2004). The models are: 
 𝜎0,𝑂𝐺(𝜆) =
2𝜇
𝛼
(𝜆𝛼−1 − 𝜆−
1
2𝛼−1) Equation 3-4 
 𝜎0,𝑀𝑅(𝜆) = 2(𝐶10 + 𝐶01) (𝜆 −
1
𝜆2
) Equation 3-5 
 𝜎0,𝑁𝐻(𝜆) = 2𝜓𝜆 (𝜆 −
1
𝜆2
) Equation 3-6 
where 𝜆 = 𝑒𝑥𝑝(𝜀), which is less than one for compression, and 𝜇, 𝛼, 𝜓 𝐶10 and 𝐶10 are 
their respective material parameters. 
The method, which finds the constants described in three equations above, is an 
optimisation process used in the Excel data analysis. The error target is set between 
the measured stress value in the test and the calculated stress using the models above. 
Least square method is used to calculate the error and an automated process in the 
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Excel and the GRG Nonlinear Solving Method for nonlinear optimization uses the Generalized 
Reduced Gradient (GRG2) code, which was developed by Leon Lasdon (Microsoft Excel HELP). 
Then, the optimised error and the corresponding constants in the hyperelastic models are found. 
 
3.3.3.1. Quasi-static compression data curve fitting of the ballistic gelatine 
Experimental data from compression of 5% and 10% ballistic gelatine at true strain 
rates of 0.25, 2.5 and 25 min-1 were fitted to the three models. A curve which best 
represents the stress-strain characteristic was selected for each concentration. 
Approximately fifty equally spaced out experimental data points were taken from each 
curve and used in the fitting process. 
A summary of the calibrated parameters is given in Table 3-1 and Table 3-2 for 5% 
and 10% gelatine respectively. Parameters 1 and 2 refer to the actual material 
constants for each hyperelastic models. 
Table 3-1: 5% gelatine parameters obtained from curve fitting of low-rate tests 
5% Gelatine 
Hyperelastic constants  
Parameter 1 Parameter 2  
Ogden  
(kPa) 
μ = 2.06 α = 3.22 
 
Mooney-Rivlin 
(kPa) 
C10 =0.68 C01 =0.22 
 
Neo-Hookean 
(kPa) 
ψ =1.36  
 
 
Table 3-2: 10% gelatine parameters obtained from curve fitting of low-rate tests 
10% Gelatine 
Hyperelastic constants  
Parameter 1 Parameter 2  
Ogden  
(kPa) 
μ = 7.68 α = 2.98 
 
Mooney-Rivlin 
(kPa) 
C10 =2.77 C01 =0.60 
 
Neo-Hookean 
(kPa) 
ψ =4.75  
 
 
A comparison to values found in literature can be made. For 10% gelatine, Forte et al. 
(Forte et al. 2015) found 𝜇 = 6.21 kPa and α = 2.64 which is of the same order of 
magnitude as that in Table 3-2. A value of 𝜓 = 6.73 kPa was found by Cronin and 
Salisbury (Salisbury and Cronin 2009) for 10% gelatine which is also comparable.  
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The model fits are shown in Figures 3-18 to 3-20 for various rates for 5% gelatine, 
whereas Figures 3-21 to 3-23 show the respective curves for 10% gelatine. From the 
graphs in the following pages, it is apparent that the Ogden and Mooney-Rivlin models 
give a visibly better fit than the Neo-Hookean model. This result is in contrast to (Cronin 
and Falzon 2011) who found Neo-Hookean provided a good fit along with the other 
two models. This disagreement can be due to different materials, i.e. Cronin used 
ordinary gelatine as opposed to ballistic gelatine (higher stiffness) in this current study. 
The Mooney-Rivlin model was also found to be a slightly better fit compared to the 
Ogden model from the minimum error values. Both however are good fits. 
 
Figure 3-18: 5% gelatine data fitted with Ogden model 
 
Figure 3-19: 5% gelatine data fitted with Mooney-Rivlin model 
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Figure 3-20: 5% gelatine data fitted with Neo-Hookean model 
 
 
Figure 3-21: 10% gelatine data fitted with Ogden model 
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Figure 3-22: 10% gelatine data fitted with Mooney-Rivlin model 
 
 
Figure 3-23: 10% gelatine data fitted with Neo-Hookean model 
The results found from these experiments can be used in simulations to model more 
complex geometries and loading. Since the parameters are obtained for low strain 
rates, the most relevant applications would be for deformations at comparable rates. 
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3.3.3.2. Quasi-static compression data curve fitting of RTV rubber 
The three hyperelastic models were also used to fit the10 shore RTV silicone rubber 
data. Approximately fifty equally spaced out experimental data points were taken from 
each curve and used in the fitting process. Again, the least squares method is used to 
find the optimal parameters. 
A summary of the computed parameters is given in Table 3-1 for the 10 shore RTV 
rubber. Parameters 1 and 2 refer to the material constants for each hyperelastic model. 
Table 3-3: 10 shore RTV rubber parameters obtained from curve fitting. Low-rate tests 
5% Gelatine 
Hyperelastic constants  
Parameter 1 Parameter 2  
Ogden  
(kPa) 
μ = 1.48 α = 2.60 
 
Mooney-Rivlin 
(kPa) 
C10 =0.24 C01 =0.02 
 
Neo-Hookean  
(kPa) 
ψ =0.83  
 
 
Using the parameters in Table 3-3, the compressive response data can be compared 
to the three material models as shown in Figures 3-24, 3-25 and 3-26 for the Ogden, 
Mooney-Rivlin and Neo-Hookean models respectively. 
 
Figure 3-24: 10 shore RTV rubber data fitted with Ogden model  
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Figure 3-25: 10 shore RTV rubber data fitted with Mooney-Rivlin model  
 
 
Figure 3-26: 10 shore RTV rubber data fitted with Neo-Hookean model  
From Figure 3-24, 3-25 and 3-26, it is observed that the Ogden and Mooney-Rivlin 
models give a relatively better fit than the Neo-Hookean hyperelastic material model 
at initial response of the compression curves. Overall, the Mooney-Rivlin model and 
Ogden model were found to fit the quasi-static compressive data of the RTV rubber 
with the same accuracy. 
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Meunier et al (Meunier et al. 2008) used five constitutive models to characterise the 
compressive response of unfilled silicone rubber, including the Ogden, Mooney-Rivlin 
and Neo-Hookean hyperelastic models. He found that the Ogden constitutive equation 
provided a better agreement with the experimental data. 
 
3.4. Conclusion  
Compression tests at quasi-static strain rates ranging from 0.25 to 25 min-1 have been 
conducted using the Zwick and Instron machines on the ballistic gelatine (both 5% and 
10%) and 10 shore RTV rubber. It is found that the deformation behaviour (initial 
stiffness) is independent of the strain rate for both the ballistic gelatine and RTV rubber. 
However, the fracture properties are rate dependent for the ballistic gelatine while as 
true strain increase beyond 0.4, the true stress increases with the strain rate for the 
RTV rubber. Meanwhile, increasing the gelatine concentration will raise both the 
stiffness of the samples and fracture stress. 
Numerical curve fitting showed that the hyperelastic constitutive models (Ogden, 
Mooney-Rivlin and Neo-Hookean) provide a relatively good fit to the low rate 
compression data of both ballistic gelatine (5% and 10%) and 10 shore RTV rubber. 
In addition, the Ogden and Mooney-Rivlin material models give better overall fit than 
the Neo-Hookean model for both the gelatine with 5% and 10% concentration as well 
as the 10 shore RTV rubber. The deformation at various strain rates is predominantly 
elastic and therefore strongly rate-independent. At low rates, fluid flow occurs readily 
and does not contribute greatly to the load and fracture resistance. At high rates, the 
contribution to the fracture resistance from the fluid flow is significant. Also, future work 
about the plastic strain of gelatine and rubber can be analysed by loading and 
unloading test. 
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Chapter 4. Mechanical performance of bird 
substitute material under intermediate rate 
compression tests 
 
 
4.1. Introduction 
The deformation and fracture behaviour of soft materials is known to strongly depend 
on the strain rate (Forte et al. 2015). This work is a continuation of the quasi-static 
study on the ballistic gelatine hydrogel, researching the effect of strain rate on the 
mechanical properties of gelatine gels (Sigma-Aldrich). The properties of the gels are 
strain rate dependent with higher rates leading to increased fracture stress and strain. 
Since the quasi-static investigation on the ballistic gelatine was limited to relatively low 
strain rates, experiments using ballistic gelatine at higher rates were proposed. The 
RTV rubber is used in addition to the gelatine gel due to its similarity of the material 
behaviour to gelatine when considering the dynamic profile at the impact loading, i.e. 
bird strike, making them both possible substitutes for real birds. Hence, it is imperative 
to compare them at a higher rate (up to 375 s-1) in order to gain a comprehensive 
understanding of the rate dependent behaviour of the two soft materials. 
The VHS Servo-Hydraulic test machine used in the test, aims at determining the stress 
and strain response of rubber and gelatine in order to characterise both materials at 
the intermediate strain rate. Both experimental and numerical analyses are employed 
to study the effect of the strain rate. Constitutive models, i.e. the Mooney-Rivlin and 
Odgen together with Prony series, are used to approximate the data from the VHS test. 
Thus, the material parameters of the constitutive model, will be determined and then 
employed in the numerical model in order to validate the finite element simulation of 
the high rate test. Subsequently, the material models of both rubber and gelatine will 
be used in the bird strike application in Chapter 5. In addition, VHS tests on gelatine 
and rubber are not widely reported as most of the characterization tests are carried 
out using the Split Hopkinson bar, which is detailed in Section 4-2. Therefore, this 
study will produce new data and information on regarding the rate dependence of 
these materials. 
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The VHS Servo-Hydraulic test machine used in this investigation will be fully described 
and the experimental set-up is illustrated in Section 4-3. The VHS test rig was initially 
designed and manufactured by Lawson (Lawson 2008), who investigated the strain 
rate sensitivity of advanced cellular materials used as body armour protective clothing. 
Our experiments are enabled by making adjustments on Lawson’s design such that 
the test rig can be used for this application. 
Meanwhile, data showing the compressive stress-strain response of soft solids are 
rare, specifically, comparing both rubber and gelatine at intermediate strain rates 
(between the quasi-static and dynamic speeds) has not been reported before. It is 
likely that data is not widely available because of the difficulties in setting up the 
compression experiments at intermediate strain rates. Simple uniaxial compression 
tests are only suitable for low rates while the PSHPB is used for dynamic rates (III 
2012). In this chapter, an attempt is made to develop a test method and obtain data 
for compressive strain rates in the order of 10 - 1000 s-1. Subsequently, a study is 
conducted to characterise both soft materials using constitutive equations. Numerical 
predictions are made to validate the constitutive material model. The latter will be used 
as an input for simulating the high rate application, i.e. the gas gun test (up to 3000 s-
1). 
 
4.2. VHS Experimental test 
4.2.1. VHS experimental test set-up 
The maximum crosshead speed of the screw driven Zwick or Instron machines is 
limited to 2000 mm/min (0.033 ms-1). In order to perform compression tests at higher 
strain rates, the High Strain Rate VHS Instron machine was used. Figure 4-1 shows 
the test set up. The VHS Instron is a servo-hydraulic testing machine designed 
specifically for investigating material behaviour at high strain rates and speeds 
(Lawson 2008) but at constant speeds only. The machine is currently capable of 
reaching speeds up to 15 ms-1 according to the manufacturer’s specifications. 
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Figure 4-1: VHS Servo-Hydraulic test machine before set-up of experiment rig 
Unlike the screw driven machines, simple uniaxial compression of samples between 
two platens is not feasible on the VHS Instron due to both machine and experiment 
related constraints, and thus a specific rig had to be used. Specifically, the crosshead 
of the machine must travel 400 mm in a test and cannot be stopped at a set 
displacement. At the same time, the crosshead has a significant acceleration and 
deceleration period in its travel due to the high speeds involved. Therefore the 
crosshead would accelerate initially, travel at a constant speed and then decelerate to 
a halt after a total displacement of 400 mm. 
This is problematic for compression tests because the samples cannot be located in 
the constant speed region as the crosshead would continue to travel in order to 
decelerate and impact the bottom platen. In addition, this significant damage to the 
equipment might occur due to the high speeds involved. If the sample and bottom 
platen is located near the end of the crosshead travel such that there is no contact 
between the platens at the end of the test, the deformation would not be at constant 
speed though no damage from impact forces will be caused. Therefore, a set-up which 
allows the samples to be compressed at a constant speed but allows the piston to 
travel its full length without causing damage from the impact was required.  
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A set-up using magnets was used. This set-up was taken from a previous experiment 
(Lawson 2008) with appropriate adjustments made. It was chosen mainly due to 
convenience as designing an entirely new rig would have taken significant time. Tests 
are quite simple to perform once the rig is set up on the machine. The rig is shown in 
Figure 4-2 attached to the test machine.  
 
Figure 4-2: VHS test machine set-up with the magnetic rig attached 
Since the rig involves numerous components, which are not clearly illustrated in Figure 
4-2, a more detailed schematic diagram is shown in Figure 4-3 to describe some of 
the important features in the rig. 
Pusher contains 
load cell and platen 
Machine crosshead 
is moved along with 
the actuator   
Magnet holder will 
decelerate the 
holder and pusher 
Sample holder 
accommodates the 
specimen (sample 
inside the sample 
holder so not visible) 
Suspension helps 
to prevent holder 
moving further down  
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Figure 4-3: Schematic of the test set-up with key components described 
The components inside the pusher are outlined in Figure 4-3 and detailed in Figure 
4-4. The original design by (Lawson 2008) did not require adapters because a larger 
load cell was used. The same load cell was planned to be used but the load cell was 
unavailable. Thus the smaller PCB 222B load cell (5 KN compressive load capacity) 
had to be used instead and suitable adapters were designed and manufactured.  
 
Figure 4-4: Load cell, platen and adapters 
Supports: aluminium extrusion 
support fixes suspension to 
columns  
 
Suspension: a bike suspension 
is used to decelerate the 
sample holder  
Sample: placed in the sample 
holder with paraffin applied at 
the contact surfaces 
Sample holder: has a stainless 
steel ring at the top that 
securely attaches to the 
magnets 
Magnet holder: contains 
powerful magnets used to 
attach to the sample holder  
Load cell cable: there is a hole 
at the top of pusher for the 
cable 
Crosshead: servo-hydraulically 
operated crosshead of VHS 
Instron 
Columns: aluminium extrusions 
are rigidly fixed to the bottom 
of VHS Instron with long stud 
screw 
 
Pusher: hits the sample holder 
to push it down  
Crosshead adapter: has an 
outer thread so that the 
relative height of the pusher 
can be adjusted 
Platen, load cell, and adapters 
Top load cell adapter 
PCB 222B load cell 
Bottom load cell 
adapter 
Titanium 
compression platen 
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Figure 4-4 shows the platen, load cell, and load cell adapters attached to the pusher. 
The position of the platen is such that there is a clearance gap between the platen and 
the pusher as shown in Figure 4-5. If not, the platen would be the first to contact the 
sample holder and the large loads that could consequently be induced can damage 
the load cell. The clearance gap between the pusher and platen determines the 
amount of sample deformation as it is equal to the height of the sample at the end of 
compression. The height of the clearance can be changed by either using the threads 
of the pusher to adjust its relative height or by using appropriately sized adapters. 
 
Figure 4-5: Load cell, platen and adapters attached to the pusher 
The operation of the rig is illustrated with the aid of Figure 4-6 which is a schematic 
with corresponding actual experimental photographs of the rig in use. The rig allows 
constant high speed compression to be performed without damaging the equipment 
from impact forces. The operation is as follows: 
 The sample is placed inside the sample holder with paraffin lubricant applied at 
the contact surfaces. The sample holder is attached to the magnet holder via 
powerful magnets. The force required to detach the sample holder was found to 
be approximately 2.6 kN, which is lower than the load capacity 5 kN. 
 The required speed is set in the machine test software. The crosshead moves from 
the start position and begins to accelerate. The crosshead reaches the desired 
speed before the platen is in contact with the sample. Additionally, the load cell is 
triggered to start recording before deformation begins. This corresponds to Figure 
4-6. 
 The sample is deformed at a constant speed. After the set deformation, the pusher 
Clearance 
gap = 2.2 mm 
Pusher 
Platen 
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hits the sample holder. The inertial force due to the pusher and crosshead is 
sufficient to overcome the magnetic force and the sample holder detaches. 
 The sample holder is detached and is pushed further downwards. The braking of 
the crosshead is set after the impact of the pusher to ensure that deceleration 
begins after sample deformation is completed. The crosshead decelerates to a 
halt and the downwards momentum of the sample holder is absorbed by the 
suspension. 
 
Figure 4-6: Illustration of the rig operation with schematics and actual experimental images: (a) 
crosshead starts to compress down. (b) crosshead compresses the sample. (c) crosshead 
bounces back after completing the compression process 
Tests on ballistic gelatine and RTV rubber were conducted. Tests were first performed 
at a set speed of 0.6 ms-1, the lowest speed that the machine is capable of producing. 
(a) 
Sample deformation 
(b) (C) 
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The speed was then gradually increased and the highest set speed used was 
approximately 5.6 ms-1 for the gelatine with gel concentration 10% and 4.50 ms-1 for 
RTV rubber respectively. Since the sample height of gelatine and rubber is 15 mm, the 
initial strain rate (strain rate = speed/height) of each sample type can be estimated as 
shown in Table 4-1. 
Table 4-1: Initial strain rates for gelatine and rubber VHS tests 
 5% 
gelatine 
10% 
gelatine 
10 shore 
rubber 
40 shore 
rubber  
60 shore 
rubber  
60C shore 
rubber 
Initial strain rate (s-1) 300 375 301 298 299 299 
 
4.2.2. Test specimen detail 
As mentioned in Section 4-1, both ballistic gelatine (Sigma-Aldrich) and RTV rubber 
(Smooth-On, Inc.) are selected as the test specimens for the VHS investigation. The 
RTV rubber is categorised into four different types according to the shore hardness 
value and there are two different concentrations of ballistic gelatine investigated in 
these VHS tests. 
  
Figure 4-7: Samples of (a) RTV rubber and (b) ballistic gelatine for VHS test 
Figure 4-7 displays all the samples being employed in the VHS test, including the RTV 
rubber and ballistic gelatine. RTV rubber samples had a 15 mm in diameter and 15 
mm in height while each of gelatine samples has a diameter of 20 mm and 15 mm in 
(a) (b) 
10 Shore 
60 Shore 
40 Shore 
60C Shore 
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height, in order to keep consistency with the low rate compression tests presented in 
Chapter 3. Cling film was used to prevent water evaporation in the gelatine samples. 
Different shore hardness values are illustrated with a different colour. 
 
4.2.3. Data processing of high rate compression tests  
The raw data of the load-displacement for the 5% ballistic gelatine at the speed of 2.0 
ms-1 is shown in Figure 4-8. The force is the raw data obtained from the load cell and 
the displacement is the position of the machine crosshead. The position at which the 
platen started to compress the specimen was recorded by manually lowering the 
crosshead to the bottom platen until the pusher was in contact, which is shown in 
Figure 4-6. In addition, the two vertical red dashed lines in Figure 4-8 represent the 
start and end points of the sample deformation during the compression process, which 
were calculated as a function of crosshead by taking into account the height of the 
samples and the clearance between the sample holder and pusher. Thus, the sample 
deformation region is the one bounded by the vertical dashed lines in Figure 4-8. 
 
Figure 4-8: Raw force-position data for a VHS compression test of gelatine (speed 2.0 ms-1) 
In Figure 4-8, the force appears to be zero until deformation begins as expected. 
There is a visible increase in force beyond the start of deformation and particularly 
before the end, as shown by the arrow. After the end of deformation, there are large 
spikes and oscillations in the force. It was suspected that the spikes were due to 
vibrations induced by the impact of the pusher to the sample holder because the end 
of deformation corresponds to this exact position. To verify this conjecture, tests 
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without samples were performed and the force-displacement responses were 
compared. 
The deformation region from this latter test is highlighted again in Figure 4-9. It is 
apparent that in this region the force is approximately zero throughout. This was 
expected because there is no sample being tested. Also, the same form of noise is 
observed after the position of impact. Therefore the spikes in load are very likely to be 
caused by the vibrations from the impact of the pusher. Since the region of interest is 
the deformation of the sample, the region outside the red lines was removed for 
subsequent experimental data analysis. 
 
Figure 4-9: Raw force-position data for a test with no gelatine sample (2.0 ms-1) 
 
 
Figure 4-10: Force-position data of gel in deformation region for speed 2.0 ms-1 
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Figure 4-10 shows the force-displacement characteristic in the deformation region of 
Figure 4-9. Though the curve appears relatively smooth initially it is apparent that the 
data contains significant high-frequency oscillations – i.e. noise. 
To remove the noise in the force signal, the data was processed using a Butterworth 
filter with a low-pass filter setting. As much high-frequency noise was removed from 
the force signal but there nonetheless remained some oscillations in the signal. The 
oscillations could probably have been removed by decreasing the cut-off frequency. 
However, a decrease in cut-off frequency is more likely to filter out actual experimental 
data which is undesired as the actual force-displacement data may change. Therefore 
a compromise must be found and a cut-off frequency of 2000 Hz was selected. 
An alternative to using a filter is to fit a polynomial equation to the data, for example in 
an Excel spreadsheet. This method has been used in past to successfully “smooth” 
out raw data (Gamonpilas et al. 2010). For the data in this experiment, however, a 
polynomial fit was found to be unsuitable. It was decided therefore that a filter is used 
to remove the noise. 
From the position-time graph shown in Figure 4-11, the speed of deformation can be 
verified against the set value. Such a graph is shown for the test conducted at set 
speed 2 ms-1 in (corresponds to shown in Figure 4-10). The red horizontal dashed 
lines indicate the start and end of deformation in terms of the crosshead position. The 
gradient in this region was calculated, as it is the most relevant, and was found to give 
a speed of 2.5 ms-1 – significantly higher than the set speed. Similarly, with other 
speeds, the actual speed was found to be higher than the set speed. An exception was 
observed when setting the speed to 0.6 ms-1 or below which gave an actual lower 
speed. Additionally, the actual speed was found to be inconsistent even for the same 
set speeds with values being slightly different. Hence, three repeats for each set speed 
were recorded and an averaged measured or actual speed was chosen to be the final 
speed for further analysis. 
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Figure 4-11: Position-time data of the crosshead for gelatine at the speed 2.0 ms-1 
Subsequently, the true strain and stress of the sample during the compression process 
can be computed from the load and displacement data obtained from the VHS Instron. 
The equations are shown below as, 
 
𝜎𝐸 =
𝐹
𝐴
              Equation 4-1 
𝜀𝐸 =
𝐿−𝐿0
𝐻
             Equation 4-2 
𝜎𝑇 = (1 + 𝜀𝐸) × 𝜎𝐸            Equation 4-3 
𝜀𝑇 = 𝑙𝑛(1 + 𝜀𝐸)             Equation 4-4 
where 𝜎𝐸, 𝜀𝐸, 𝜎𝑇 and 𝜀𝑇 are the engineering stress, engineering strain, true stress and 
true strain; F is the force recorded from load cell; A is the initial cross sectional area of 
the specimen; L is the displacement recorded from the VHS machine and L0 is the 
displacement at the position where the platen just about to touch the specimen; H is 
the initial height of the sample. 
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4.3. Results and discussions 
4.3.1. High rate VHS compression test results 
The true stress-strain behaviour of gelatine samples under compression at constant 
speeds is shown in Figures 4-12 and 4-13. Since the gelatine sample used in the VHS 
experiments has a height of 15 mm, the corresponding nominal strain rates range from 
72 s-1 to 300 s-1. The stress-strain response is shown in the following graphs. 
 
Figure 4-12: True strain-stress response of 5% gelatine  
The data in Figure 4-12 is for a pusher-platen clearance height of 2.2 mm which would 
correspond to a true strain of 1.92, which can be computed based on the Equations 
4-1 – 4-4 but only the stresses up to 1.2 true strain are shown. This is because at 1.92 
strain all the samples failed but the strain at which each sample failed is unknown. 
Therefore, the stress and strain response of gelatine samples till true strain value of 
1.2 is shown in Figure 4-12. 
It is also apparent that some oscillations remain, particularly at low strains. The 
oscillations are especially visible before the true strain of 0.3, with the stress being 
negative. The reason for the negative stress is not yet known but a similar response 
was found for all the tests conducted at the speed of 4.0 ms-1. A possible explanation 
is the loose attachment of the load cell or higher inertia of the load cell and platen at 
higher speeds. 
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Since the ballistic gelatine with 10% concentration in Figure 4-13 has higher stiffness 
and larger fracture strength than 5% in Figure 4-12, for the same true strain value, the 
corresponding true stress is expected to be higher for each of the speed (strain) rate. 
The 5% gel was compressed up to the highest speed of 4.51ms-1. The oscillation in 
Figure 4-13 is not as significant as in Figure 4-12. Moreover, the sample holder would 
be compressed down together with the pusher and hit the cross bar before trying to 
bounce back to hit the magnetic holder, which must be avoided in order to protect the 
test machine. 
 
Figure 4-13: True stress-strain response of 10% gelatine 
In order to compare the results from both 5% and 10% ballistic gelatine, a table 
including all the true stress values from different speeds at a given true strain value of 
1.2 is shown below. 
Table 4-2: True stresses of 5% and 10% gelatine at various speeds at a given true strain of 1.2 
 1.08 ms-1 1.76 ms-1 2.76 ms-1 3.58 ms-1 4.51 ms-1  
True strain at 5% (MPa) 0.179 0.234 0.306 0.425 0.694  
 1.08 ms-1 1.80 ms-1 2.80 ms-1 3.12 ms-1 4.52 ms-1 5.58 ms-1 
True strain at 10% (MPa) 0.199 0.247 0.328 0.387 0.621 0.838 
It is essential to control the actual compression speed so that the compressive 
response from 5% and 10% gelatine can be compared under the same circumstance. 
From Table 4-2, all the true stresses of the ballistic gelatine with 10% concentration 
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are higher than those from 5% gelatine apart from the results from the speed of 4.5 
ms-1. Since the result is not accurate for the 5% gelatine at speed of 4.5 ms-1 due to 
the oscillation and negative stress value at low strain value, the comparison between 
the 5% and 10% gelatine is not valid at that speed. In addition, a comparison of the 
overall trend is made between the 5% and 10% ballistic gelatine and it is shown in 
Figure 4-14, in which the speed for making that comparison is approximately 2.8 ms-
1. It is evident that the response from 10% gelatine is stiffer than that from 5% gelatine 
as expected. 
 
Figure 4-14: A comparison between 5% and 10% ballistic gelatine at the speed of 2.8 ms-1 
According to the literature, the compression properties of ballistic gelatine have only 
been measured at dynamic rates using the SHPB or at quasi-static rates, but not at 
intermediate strain rates. This VHS experiment managed to conduct a test to perform 
compression tests on the ballistic gelatine at nominal strain rates ranging from 72 to 
372 s-1. If tests are conducted at the maximum speed of the machine (15 ms-1) strain 
rates of 1000 s-1 can be achieved, but the rig needs to be redesigned to fit this 
requirement, otherwise the higher speed may damage the magnetic holder. 
Looking at both Figures 4-12 and 4-13, the initial deformation appears to be similar 
for all speeds. However, the stress-strain behaviour begins to deviate at strains of 
approximately 0.6 with higher speeds tending to have higher stresses for a given strain. 
The stiffness of the sample is determined at the initial deformation of the curve and it 
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is clear that the initial stiffness is constant with strain rate at both figures. This result is 
similar to the behaviour in the low-rate tests where the deformation was observed to 
be rate-independent.  
The uniqueness of the two-phase system in the gelatine leads to the discrepancy amid 
the strain rate dependency of the deformation and fracture behaviour. The RTV rubber 
is a type of silicon rubber which is also sensitive to strain rate according to the literature 
(section 4.2). There are four types of RTV rubber used in this test, differing in shore 
hardness value. The 10 shore, 40 shore and 60 shore rubber are all casted while the 
silicone rubber 60C is the commercial rubber whose stiffness value lies between 10 
shore and 40 shore. 
The VHS test is also carried out for the RTV rubber to determine the rate dependency 
of the properties of the gelatine and rubber. Figures 4-15 and 4-16 illustrate the 
compressive behaviour of four different types of rubber at four strain rates. 
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Figure 4-15: True stress and strain of VHS data for RTV rubber at (a) 10 shore. (b) 40 shore. (c) 
60 shore and (d) 60C shore RTV rubber at 1.0 ms-1, 2.5 ms-1 and 4.5 ms-1 
In Figure 4-15, four graphs show that there is an upward trend in the true stress-strain 
curve when the strain rate increases for all the rubber tested. However, the difference 
among each line at the speeds below 4.50 ms-1 is small. For the rubber with a shore 
hardness value at 10, the three curves are almost overlapping with each other.  
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Figure 4-16: True stress and strain VHS data for RTV rubber at (a) 1.0 ms-1. (b) 2.5 ms-1. (c) 4.5 
ms-1 for 10, 40, 60 and 60C RTV rubber  
The shore hardness value represents the stiffness of the RTV rubber: the higher the 
shore number is, the larger the stiffness is. In Figure 4-16, the modulus of the RTV 
rubber can be defined as the initial gradient in the true strain and stress curve. It is 
clear that there is an upward trend in the rubber modulus as the shore value goes up, 
while the 60C behaves differently from the others, which might be due to the difference 
in the manufacturing method. Looking at the speed of 8.28 ms-1, the response for all 
the four curves is not stable at the low strain region. In comparison with other three 
graphs in Figure 4-16, the data at the speed of 8.28 ms-1 might not be valid. Thus, 
additional tests need to be conducted to validate the VHS rubber data at 8.28 ms-1. 
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4.3.2. Constitutive analysis of VHS test data 
4.3.2.1. Background theory 
The stress-strain data obtained from the VHS experiments were used to determine the 
constitutive strain and time-dependent constants for viscoelastic materials following 
the numerical method of Goh et al (Goh et al 2004). This subsection summarises the 
method. The response of the viscoelastic constitutive model under the step strain 
relaxation is given by, 
 𝜎(𝜀, 𝑡) = 𝜎0(𝜀)𝑔(𝑡) Equation 4-5 
where the stress term 𝜎0(𝜀) is strain-dependent and the 𝑔(𝑡) is a dimensionless time-
dependent function. The stress term is usually represented by various forms of 
hyperelastic potentials while the time dependent term is expressed by the Prony series, 
 𝑔(𝑡) = 𝑔∞ + ∑ 𝑔𝑖 𝑒𝑥𝑝 (−
𝑡
𝜏𝑖
)𝑁𝑖=1   Equation 4-6 
where 𝑔∞ and 𝑔𝑖 are dimensionless constants and 𝑔∞ + ∑ 𝑔𝑖 = 1
𝑁
𝑖=1  when t=0 (Note 
that the stress becomes a function of strain only –   𝑔∞𝜎0(𝜀) – if 𝑔𝑖 is zero and therefore 
becomes rate-independent.). Also, 𝑔∞𝜎0(𝜀) is a long term or equilibrium stress-strain 
relationship, this is because 𝑔(∞) = 𝑔∞ and 𝜎(𝜀,∞) = 𝑔∞𝜎0(𝜀). 
The stress under an arbitrary loading history can be expressed using the form of the 
convolution integral. 
𝜎(𝜀, 𝑡) = ∫ 𝑔(𝑡 − 𝑠)
𝑑𝜎0(𝜀)
𝑑𝑠
𝑑𝑠
𝑡
0
 Equation 4-7 
from which Equation 4-7 can be divided into a long term elastic and a viscoelastic 
contribution, 
𝜎(𝑡) = 𝑔∞𝜎0(𝑡) + ∑ 𝑔𝑖 𝑒𝑥𝑝 (−
𝑡−𝑠
𝜏𝑖
)𝑁𝑖=1
𝑑𝜎0(𝜀)
𝑑𝑠
𝑑𝑠           Equation 4-8 
The finite time increment method uses the recursive algorithm below which is purely a 
function of time if the strain histories 𝜀(𝑡) are known. 
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σ(𝑡𝑛+1) = 𝑔∞𝜎0(𝑡𝑛+1) 
+∑
(
 
 
𝑒𝑥𝑝 (−
∆𝑡
𝜏𝑖
) ℎ𝑖(𝑡𝑛) + 𝑔𝑖
1 − 𝑒𝑥𝑝 (−
∆𝑡
𝜏𝑖
)
∆𝑡
𝜏𝑖
(𝜎0(𝑡𝑛+1) − 𝜎0(𝑡𝑛))
)
 
 
𝑁
𝑖=1
 
Equation 4-9 
where 𝑔∞𝜎0(𝑡𝑛+1)  is the long-term or equilibrium stress-strain relationship since 
𝑔(𝑡) =1 and 𝜎(𝜀, 0) = 𝜎(𝜀)  from Equation 4-5; ℎ𝑖  is a stress term and ℎ𝑖(𝑡) =
∫ 𝑔𝑖 𝑒𝑥𝑝(−
𝑡−𝑠
𝜏𝑖
)
𝑑𝜎0(𝜀)
𝑑𝑠
𝑑𝑠
𝑡
0
. 
The stress at any point in time can be calculated as long the stress in the previous 
time increment is known. Since the stress and strain at time zero are typically zero, 
the stress can be determined at any point. The residual stress of the sample is also an 
issue when using Equation 4-9 since there is a temperature change during the 
manufacturing period especially for rubber. 
Thus, Equation 4-9 can be used to fit experimental data to various forms of strain-
dependent hyperelastic potentials together with a time-dependent function using the 
Prony series. A spreadsheet in Excel was set-up to use the algorithm to match 
experimental data to two hyperelastic models and the Prony series using the least 
squares method. 
The Ogden and Mooney-Rivlin hyperelastic models were used to calculate the 
instantaneous strain-dependent stress 𝜎0(𝑡𝑛+1). These models were chosen because 
they have been used in the literature (Cronin and Falzon 2011; Forte et al. 2015) to 
analyse the stress-strain behaviour of gelatine under compression. The equation for 
the stress of the Ogden and Mooney-Rivlin models respectively were given in 
Equations 3-3 and 3-4 in Section 3.3.3. 
 𝜎0,𝑂𝐺(𝜆) =
2𝜇
𝛼
(𝜆𝛼−1 − 𝜆−
1
2𝛼−1) Equation 4-10 
 𝜎0,𝑀𝑅(𝜆) = 2(𝐶10 + 𝐶01) (𝜆 −
1
𝜆2
) Equation 4-11 
where 𝜆 = 𝑒𝑥𝑝(𝜀), which is less than one for compression, and 𝜇, 𝛼, 𝐶10 and 𝐶10 are 
material parameters 
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4.3.2.2. VHS test data curve fitting and analysis 
The hyperelastic model chosen depends on the type of materials and the time-
dependent term is relying on the test time. Since each VHS test consumes less than 
a second, the time constants (𝜏𝑖) used in the Prony series were 0.00001, 0.0001, 
0.0005, 0.001 and 0.01 s. Both Ogden and Mooney-Rivlin material models were used 
to fit the VHS data together with the Prony series. A summary of the computed 
parameters is given in Tables 4-3 and 4-4 for 5% and 10% gelatine respectively. 
Parameters 1 and 2 refer to the actual material constants for each hyperelastic model 
while gi and g∞ refer to the corresponding Prony series constants. 
Table 4-3: Parameters of constitutive models to fit the 5% VHS gel data 
Model 
Hyperelastic constants  Prony series constants 
Parameter 1 Parameter 2  g1 g2 g3 g4 g5 goo 
Ogden 
(MPa) 
μ =0.266 α =4.56  0 0.922 0.045 0 0 0.0325 
Mooney-
Rivlin (kPa) 
C10 =1.27 C01 =279 
 
0.822 0.145 1.12E-5 0.029 
2.57E-
4 
0.00367 
Table 4-4: Parameters of constitutive models to fit the 10% VHS gel data 
Model 
Hyperelastic constants  Prony series constants 
Parameter 1 Parameter 2  g1 g2 g3 g4 g5 goo 
Ogden 
(MPa) 
μ = 0.912 α = 3.19  0.615 0.166 0.194 0 0.024 0.0016 
Mooney-
Rivlin (kPa) 
C10 =218 C01 =80.5 
1.49E-
3 
0.965 
9.84E-
5 
0.0115 
1.09E-
4 
0.0223 
The parameters above are used for fitting the curve from the 5% and 10% ballistic 
gelatine and they are plotted in Figures 4-17, 4-18, 4-19 and 4-20. Figures 4-17 and 
4-18 use Equation 4-9 to fit the VHS data of 5% ballistic gelatine with the two different 
hyperelastic models mentioned in Section 4.3.2.1. Both constitutive models show 
relatively good match with the experimental data except for the 4.52 ms-1 and 3.58 ms-
1 as their constitutive curve fits are close to each other. There is an apparent difference 
between the 4.52 ms-1 and 3.58 ms-1 experimental data above 1 true strain, but the 
constitutive curve fit lines do not show big difference between these two rates. 
As mentioned in low rate curve fitting method, the optimisation method is an automated 
method in Excel, which employs the least square method to calculate the error 
between the measured stress and calculated stress using Equation 4-9. The whole 
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optimisation process is run automatically by a data analyser in the Microsoft Excel to 
reach the optimised least square error and thus obtain the corresponding hyperelastic 
and Prony series constants. In addition, there is a large scatter in the stress at lower 
strains, which makes the least square errors more significant. Thus, two fit curves for 
these two rates are close to each other and the experimental data at these two rates 
are largely overlapping before true strain of 1. 
 
Figure 4-17: Curve fit for VHS 5% gel data using Ogden model with Prony series 
 
Figure 4-18: Curve fit for VHS 5% gel data using Mooney-Rivlin model with Prony series 
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Figure 4-19: Curve fit for the VHS 10% gel data using Ogden model with Prony series 
 
 
Figure 4-20: Curve fit for the VHS 10% gel data using Mooney-Rivlin with Prony series 
The experimental data in Figures 4-17 – 4-20 are extracted from those shown in 
Figures 4-12 – 4-14, which are processed using a data sampling routine to reduce the 
number of data points in the whole range, without affecting the entire trend. Both 
constitutive models fit reasonably well with the VHS data for the 10% ballistic gelatine 
as well, as shown in Figures 4-19 and 4-20 except that the test data from 4.52 ms-1, 
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exceeding the data from 5.58 ms-1 at true strain value of 0.9. This trend cannot be 
realistic and highlighted possible errors in the measurement performed at such high 
rates. The plotted data in Figures 4-17 - 4-20 are average values (4 tests each). The 
test data become volatile at higher rates since the VHS machine becomes unstable. 
The two constitutive models are used for fitting the VHS data of RTV rubber using the 
same procedure as for the ballistic gelatine. The parameters of the Ogden and 
Mooney-Rivlin model for 10 shore, 40 shore, 60 shore and 60C shore rubber are 
illustrated in Tables 4-5 – 4-8. The time constants used in the Prony series were 
0.00001 s, 0.00005 s, 0.0001 s, 0.0005 s and 0.005 s. 
Table 4-5: Parameters of constitutive models to fit the 10 shore rubber VHS data 
Model 
Hyperelastic constants  Prony series constants 
Parameter 1 Parameter 2  g1 g2 g3 g4 g5 goo 
Ogden (MPa) μ = 3.36 α = -1.39  0.995 0 0 0 0 0.00463 
Mooney-
Rivlin (MPa) 
C10 =0.730 C01 =0.228 
 
0.595 0.393 
7.31E-
06 
0 0 0.0119 
 
Table 4-6: Parameters of constitutive models to fit the 40 shore rubber VHS data 
Model 
Hyperelastic constants  Prony series constants 
Parameter 1 Parameter 2  g1 g2 g3 g4 g5 goo 
Ogden (MPa) μ = 5.73 α = -1.02  0.0762 0.863 0 0 0 0.060 
Mooney-
Rivlin (MPa) 
C10 =1.85 C01 =0.212 
 
0.882 0 0 0 0 0.118 
 
Table 4-7: Parameters of constitutive models to fit the 60 shore rubber VHS data 
Model 
Hyperelastic constants  Prony series constants 
Parameter 1 Parameter 2  g1 g2 g3 g4 g5 goo 
Ogden (MPa) μ = 6.75 α = -0.959  0 0.187 0.719 0 0 0.093 
Mooney-Rivlin 
(MPa) 
C10 =4.56 C01 =0.427 
 
0.2 0.00587 0.704 0 0 0.090 
 
Table 4-8: Parameters of constitutive models to fit the 60C shore rubber VHS data 
Model 
Hyperelastic constants  Prony series constants 
Parameter 1 Parameter 2  g1 g2 g3 g4 g5 goo 
Ogden (MPa) μ = 6.88 α = -0.302  0 0.001 0.974 0 0 0.0250 
Mooney-
Rivlin (MPa) 
C10 =1.48 C01 =0 
 
0 0.0661 1.02E-06 0.913 0 0.0208 
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The parameters above are used for calculating the stress-strain curves from all types 
of the RTV rubber and these are plotted in Figure 4-21. 
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Figure 4-21: Curve fit for RTV rubber, (a) 10 shore rubber; (b) 40 shore rubber; (c) 60 shore 
rubber; (d) 60C shore rubber, using constitutive models 
Since Mooney-Rivlin and Ogden models are both available in ABAQUS (Finite 
Element software), the parameters can consequently be substituted to represent the 
materials in the gas gun test simulation described in Chapters 5 and 6. In Figure 4-
21, there are discrepancies between the experimental results and the fitted ones at 
the true strain value above 1.2. Hence, further work needs to be performed in order to 
calibrate the data with a different hyperelastic model (e.g. Van der Waals hyperelastic 
potential) so as to capture the experimental shape of the stress-strain curves more 
accurately. 
 
4.3.3. Sample deformation pattern analysis for VHS test 
In Figure 4-22, the gelatine samples undertaken in the VHS test is shown. In addition, 
photographs were also taken after the high-rate compression tests to observe the 
fracture patterns of both soft solids. From the RTV rubbers, only the 60 shore rubber 
undergoes fracture during the test. Therefore, the fracture images shown are largely 
based on the gelatine samples. Time lapse of the deformation could not be performed 
due to difficulties in having a clear view of the sample with a high speed camera. Very 
small amounts of colouring was added to the ballistic gelatine samples to increase the 
clarity of the photographs. 
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Figure 4-22: Ballistic gelatine samples before high rate compression 
 
A sample after compression at 0.7 ms-1 is shown in Figure 4-23. The bottom half of 
the sample has deformed significantly more than the top half. Cracks seem to have 
initiated from the bottom surface of the sample and propagated towards the top. The 
top view shows how the central region has been deformed downwards while the outer 
edge is comparatively intact. This deformation characteristic was commonly found 
among the samples undergoing high-rate compression. 
 
Figure 4-23: 5% gelatine after compression at 0.7 ms-1 
Figure 4-24 shows the sample after compression at 1.1 ms-1. Again, the fracture 
initiated at the centre of the sample. However, the sample has this time deformed 
significantly in the top-half but less so in the bottom half. The samples tended to be 
more damaged at higher speeds but consistently, it is shown that the central 
deformation is the most significant. This is illustrated in Figure 4-25 which shows the 
deformation for 1.8 and 2.6 ms-1. 
5 mm 
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Figure 4-24: 5% gelatine after compression at 1.1 ms-1 
At speeds above approximately 2 ms-1, the sample sometimes showed complete 
destruction. The samples were deformed to a formless pulp and were dispersed 
throughout the sample holder as apparent in Figure 4-25 (b).  
 
Figure 4-25: 5% gelatine after compression (a) 1.8 ms-1 (b) 2.6 ms-1 
There are no regular patterns for the gelatine samples beyond the speed of 2.6 ms-1. 
In Figure 4-25 (b), the gelatine sample is completely fractured and there is no trace to 
find the crack initiation. A similar pattern can be found in the 10% gelatine samples, as 
shown in Figure 4-26. 
(a) (b) 
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Figure 4-26: 10% gelatine samples after compression in the VHS test 
Figure 4-26 shows the fracture pattern of 10% ballistic gelatine at a speed range 
between 1.06 ms-1 and 5.58 ms-1. For speeds larger than 2.53 ms-1, the gelatine 
sample seems to be subjected a large indentation force, which creates a big concave 
shape on the top surface. A possible explanation for this high-rate fracture pattern is 
that the compression platen is too small. This is illustrated in Figure 4-27 below: 
 
Figure 4-27: Illustration of possible reason for high rate fracture pattern observed 
 
(a) The sample is deformed downwards as compression begins.  
(b) Significant deformation is undergone with the instantaneous cross-sectional area 
increasing significantly. 
(c) The samples have yet to fracture and deform to such an extent that the outer radius 
becomes larger than the platen. Compression continues with now only the central part 
of the sample being deformed. 
(d) Deformation is completed with the sample deformed to the experimentally 
observed shape. 
3.10 ms
-1
 4.52 ms
-1
 5.58 ms
-1
 
1.80 ms
-1
 2.53 ms
-1
 1.06 ms
-1
 
(a) (d) (c) (b) 
10 mm 
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Since the sample is invisible inside the sample holder during the compression test, it 
is difficult to validate the possible reason demonstrated in Figure 4-27. Hence, a 
simple calculation is carried out based on the sample incompressibility, assuming that 
there is no fracture taking place. 
 
Figure 4-28: Illustration of calculation for high rate fracture pattern observed 
 
In Figure 4-28, the initial volume of the sample before compression is 𝑉1 = 𝜋 × (
20
2
)2 ×
15 = 4752 mm3 . When the pusher touches the sample holder, the height of the 
gelatine sample equals the clearance gap between the platen and sample holder, and 
the gelatine volume underneath the platen becomes 𝑉2 = 𝜋 × (
50
2
)2 × 2.2 = 4320 mm3. 
Hence, there is an extra volume of gelatine (𝑉1 − 𝑉2= 432 mm
3) coming out of the 
platen, which is represented by the orange region in Figure 4-28. Therefore, the 
reason for the observed concave shape is verified. 
Compared to low-rate compression tests, the deformation pattern appears to be highly 
different. A shear mode of fracture was observed on the Zwick machine at higher strain 
rates above 25 min-1 but shearing was not observed with the high-rate tests on the 
VHS Instron. The difference could be due to friction effects arising from the use of 
different platens, although paraffin lubrication was applied in both tests. It is 
recommended that the deformation behaviour is recorded using a high-speed camera. 
This will also allow for the above hypothesis on the high rate fracture pattern to be 
verified. 
 
 
 
 
 
The clearance gap 
is 2.2 mm 50 mm 
15 mm 
20 mm 
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4.3.4. Numerical analysis of the VHS test data 
The fracture pattern observed from the VHS test on ballistic gelatine samples can 
possibly be depicted using the high speed camera. However, it is quite challenging to 
locate the camera close to the test machine in order to obtain a clear image of the 
sample and there is a limited view through the sample holder. Hence, finite element 
analysis is carried out to evaluate the deformation and fracture of the sample under 
the VHS test and how the fracture pattern is derived.  
The parameters obtained in Tables 4-3 – 4-8 in Section 4.3.2.2 are used as the 
material constants in the constitutive model which is employed in the FE software, 
ABAQUS with explicit solver. A quarter of the sample is used in the FE model, and is 
shown in Figure 4-29. The top platen and bottom platform are modelled as two rigid 
sheets, also illustrated in the figure below. The contact surfaces were defined as 
frictionless.  
 
Figure 4-29: Schematic diagram of the FE model of the sample in the VHS test 
Two reference points are coupled with the top and bottom rigid plates in the FE model 
so that the motion of these two rigid plates can be represented by the two reference 
points. Thus, the boundary conditions are set onto these reference points. The 
compressive distance is chosen to be 12 mm (the sample height is 15 mm for both the 
rubber and the gelatine), which corresponds to a true strain of 1.9 for the rubber and 
the gelatine. The compressing speed is selected as 1 ms-1. 3600 C3D8R elements (8-
node linear brick, reduced integration, hourglass control) are chosen for the material 
(both rubber and gelatine). A comparison of the rubber and gelatine deformation during 
the VHS test is made in order to validate the experimental results. The FE simulation 
results are shown in Figure 4-30. 
Axisymmetric 
about the y-axis 
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Figure 4-30: Comparison between (a) rubber and (b) gelatine for the VHS test at the speed of 
1 ms-1 
The above images are extracted from the FE simulation of the two materials, i.e. the 
rubber and gelatine corresponding to three time instants of the VHS test. As depicted 
in Figure 4-30, it is observed that there is a difference in the deformation behaviour 
between the rubber and gelatine. Rubber retains its cylindrical shape during the 
compression (the diameters of the top and bottom plates remain unchanged), but the 
gelatine sample subsequently forms a wedge shape undergoing the compression 
process. Since the colour contour illustrates the Von-Mises stress, the compressive 
wave in the gelatine is travelling far slower than the one in the RTV rubber, which 
explains the consequent shape resulting in the gelatine sample. Because the 
compressive wave generated in the gelatine is relatively slower than the compression 
speed produced by the VHS test machine, the compressive response at the bottom of 
the sample is always unsynchronised to the response at the top of the gelatine sample. 
With a smaller time increment used when plotting the deformed shapes, the stress 
travelling into the sample can be examined. Figure 4-31 shows a series of images 
before the compressive wave arrives at the bottom of the 10 shore rubber sample for 
the first time. 
 
 
Y 
T=4.8 ms T= 1.2 ms T= 3.0 ms 
(a) Rubber  
(b) Gelatine 
Y 
0 mm 
15 mm 
0 mm 
15 mm 
(Pa) 
(Pa) 
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Figure 4-31: Compressive wave propagation in the 10 shore rubber sample at the speed of 1 
ms-1 
The time period to travel from the top to the bottom is 0.72 ms and the entire test period 
takes up 12 ms, thus, the first 6% of the entire compression test is unsettled, which 
leads to the invalidity of the constitutive model derived in this period. As the 
compressive wave travels down, the material starts to experience the stress wave, 
causing inhomogeneous deformation. Moreover, the vertical velocity profile inside the 
sample is also extracted from the FE model and is illustrated in Figure 4-32. 
 
Figure 4-32: Velocity profile in the 10 shore rubber sample at the speed of 1 ms-1 
Since the vertical direction is defined as positive upwards, the speed travelling 
downwards is negative. Similar to the stress profile, the speed becomes smaller 
towards the edge of the sample and it takes 0.72 ms for the first stress wave to reach 
the bottom. In addition, the velocity profiles along the central axis are extracted from 
the FE model to evaluate the wave propagation in detail. The analysis is shown in 
Figure 4-33. 
T= 0.06 ms T= 0.72 ms T= 0.54 ms T= 0.18 ms T= 0.3 ms T= 0.42 ms 
T= 0.06 ms T= 0.72 ms T= 0.54 ms T= 0.18 ms T= 0.3 ms T= 0.42 ms 
(Pa) 
(ms-1) 
 
 94 
 
Figure 4-33: Velocity profile inside the 10 shore rubber along the central axis at different time 
instances, (a) five time instances at which the compressive wave has not reached the bottom; 
(b) first compressive wave reached the bottom of the sample, shown as blue; (c) compressive 
wave travels up and down to reach stabilisation, shown as green and red 
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In Figure 4-33 (a), the waves generated are compressive since the velocities are all 
negative. All the maximum velocities in the five time profiles occur at the top surface 
of the sample and the bottom part of the rubber sample has not yet received any wave 
signals from the top. When the time reaches 0.72 ms, the initial compressive wave 
reaches the bottom and starts to reflect backwards with a positive sign, shown in 
Figure 4-32 (b). And in Figure 4-33 (b), those reflective waves are represented by the 
positive velocities, which travels in the up vertical direction in the rubber sample. Then 
in Figure 4-33 (c), the profiles at the time of 1.2 ms and 3.0 ms, both have positive 
and negative velocities, which is a sign of the wave travelling back and forth. Hence, 
the three graphs in Figure 4-33 explain that the rubber sample in the initial period has 
yet to settle down to the balanced mode. 
In summary, the finite element simulation is merely a qualitative study of the VHS test 
to evaluate the validity of the experiment. Figures 4-31 – 4-33 illustrate the 
compressive wave propagation in the 10 shore rubber and its vertical velocity profiles 
along the central axis. By reducing the time increment to 0.12 ms when plotting the 
deformed geometry, the rubber shows the same feature as the gelatine does in Figure 
4-30 (b), a concave shape caused by the initial wave propagation. But as the waves 
settle down after 0.72 ms, the rubber shape regains its cylindrical shape. In order to 
compute the wave velocity in both rubber and gelatine, one – dimensional wave speed 
function Equation 4-12 is used as an approximation to find wave speed since both 
materials are not linear elastic materials. 
 𝑣 = √
𝐸
𝜌
  Equation 4-12 
where E and ρ are the Young’s Modulus and density of the RTV rubber. 
By substituting the values of E (6 MPa), and ρ (1090 kgm-3) (Wilbeck and Rand 1981) 
(seen from Chapter 3) into Equation 4-12, the wave velocity in the rubber can be 
calculated to be 75 ms-1. This speed is much bigger than the platen speed, set at 1 
ms-1, which gives rise to enough time for the compression wave in the rubber sample 
to settle down while undergoing the VHS compression process. On the other hand, 
the wave speed in the ballistic gelatine is much smaller than that of the rubber. Using 
the Equation 4-12, substituting E (20kPa) and ρ (968 kgm-3) (see Chapter 3) the wave 
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speed in the gelatine is 4.5 ms-1, which is much closer to the platen speed compared 
to that of rubber. Thus, the wave only travelled twice up and down in the ballistic 
gelatine before the sample had been compressed to the true strain of 1.6 and the 
compressive response at the bottom of the sample is always unsynchronised with the 
response at the top. 
It is recommended that the compression platen needs to be remade into a bigger size 
(at least 53 mm in diameter) such that it will load the sample until fracture. In addition, 
the sample height would be reduced so that the compressive wave will have a shorter 
distance to travel. However, by decreasing the sample height, frictional effects 
between the sample and the platen will also affect the data. Hence, an optimal value 
for the sample height needs to be determined for further tests. 
By observing the simulation images generated from the FE model of the rubber 
compression, the rubber sample regains the cylindrical shape after compressing by 
2.4 mm (1 ms-1 x 2.4 ms = 2.4 mm). Thus, the total distance it had travelled is 180 mm 
( 75 ms-1 x 0.0024 s = 0.18 m), which means that the wave has travelled up and down 
six times inside the rubber sample. According to empirical studies from O’Hara (O’Hara 
1983), the compression wave has to travel at least 6 times up and down in the sample 
in order to reach equilibrium for metallic materials, e.g. steel or aluminium. Despite the 
fact that the number of cycles calculated here is the same as that in O’Hara, they are 
still different materials and in order to investigate that effect, a high speed camera is 
necessary to visualize and record the wave prorogation inside the sample. Additionally, 
the images recorded by the high speed camera can be compared with the simulation 
figures in a qualitative way. 
 
4.4. Conclusions 
Compression tests at intermediate strain rates ranging from 46 to 375 s-1 have been 
conducted using the VHS Instron on the ballistic gelatine and RTV rubber. If tests were 
conducted at the maximum speed of the VHS machine (15 ms-1), strain rates of 1000 
s-1 would have been achieved. It is found that the initial deformation property (initial 
stiffness) is independent of the strain rate. However, as true strain increase beyond 
0.5, the stress increases with the strain rate. Meanwhile, increasing the gelatine 
concentration or rubber shore hardness will raise the stiffness of the samples. 
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Numerical curve fitting showed that the visco-hyperelastic constitutive model (Ogden 
and Mooney-Rivlin) together with the Prony series provides a relatively good fit to the 
VHS data of both ballistic gelatine (5% and 10%) and RTV rubber (10 shore, 40 shore, 
60 shore and 60C shore). The deformation at various strain rates is predominantly 
viscoelastic and therefore strongly rate-dependent. The Mooney-Rivlin and Ogden 
hyperelastic models combined with the Prony series were effective in modelling the 
strain-dependent behaviour though some concerns arise for higher rates where the fit 
of the model to the data was not satisfactory. 
A Finite element simulation was performed to investigate the deformation of rubber 
and gelatine samples during the VHS compression test. An example of the rubber 
compression at 1 ms-1 was given and showed the compression wave propagation in 
the RTV rubber as well as the vertical velocity along the central axis. The wave 
travelling speed in the rubber (75 ms-1) is much faster than the platen compression 
speed and the wave has travelled up and down enough times (37 times) to settle down 
in the sample, thus, the VHS test results for rubber are verified. In contrast, the wave 
speed in the gelatine is much slower (4.5 ms-1, the same magnitude as the loading 
platen) than that in the rubber. Hence, the wave speed in the gelatine is not fast enough 
for the sample to settle down during the VHS test. 
Further improvements can be achieved by employing the high-speed camera, which 
could record the deformation of the samples during high-rate compression tests. Using 
a high-speed camera to determine the point of fracture would be far more accurate 
and efficient. In addition, the results from the high speed camera can be compared 
with the simulation data in both qualitative and quantitative ways. This will allow the 
fracture stress to be determined precisely from the fracture strain. Furthermore, the 
VHS rig can be modified to give better test results, especially for the ballistic gelatine, 
either increasing the size of the compression platen to at least 53 mm, or reducing the 
diameter of the gelatine sample to 18 mm or below. 
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Chapter 5. Impact performance of compliant 
targets using bird substitute materials 
 
 
5.1. Introduction 
As already mentioned, the aim of this PhD project is to investigate the deformation 
and fracture behaviour of materials used in aircraft components under impact loading, 
and specifically from bird strike. Transparent windows will be examined which consist 
of a laminated glass structure with a polymeric interlayer between layers of thermally 
tempered or chemically strengthened glass. This polymeric interlayer is often made 
out of polyvinyl butyral (PVB). Due to the complexity of a laminated window’s 
structure, it was decided to start investigating the impact compliance of an aluminium 
homogeneous target (2024-T3) since the material properties of the aluminium alloy 
2024-T3 are readily obtainable from literature. Hence, it is appropriate to develop the 
methods for the impact behaviour of aluminium alloy first, before progressing to apply 
the methods to laminated windows. 
The description of the gas gun experiment set-up and the corresponding analysis of 
the data using DIC technique is presented in this chapter. Then, the three different 
finite element methods are employed to simulate the gas-gun set-up. The numerical 
predictions will be compared with the experimental data. Hence, the merits of each 
simulation method will be assessed. 
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5.2. Compliant target experiments with 3D DIC 
5.2.1. Synthetic bird material 
Both gelatine and rubber projectiles were manufactured in this study. A hot plate with 
a magnetic stirrer was employed to make the gelatine solution and the solution was 
poured into PTFE moulds before placing in the refrigerator to cool down. The RTV 
rubber was initially in a liquid form and was mixed with a solidifier before placing in 
the oven (around 150 °C), where the liquid solution was vacuumed to reduce its 
porosity. After 12 hours, the casting process was completed and the rubber was 
taken out from its aluminium mould. Finished samples are shown in Figure 5-1. Both 
rubber and gelatine projectiles are manufactured to be dimensioned as 24.8 mm in 
diameter and 50 mm in length. 
 
 
Figure 5-1: Facilities of making gelatine and rubber projectile 
Both projectiles present some difficulties when being fired into the gun barrel due to 
their compliant nature and high deformability. It was found that they often jam inside 
the barrel when no protective wrapping is used. Hence, a sabot was designed out of 
a transparency film of 1 µm thickness and sealed using Araldite adhesive at the 
bottom side. It is worth noting that this bottom sealant “lid” was necessary to ensure 
Ordinary Gelatine 
     (Dr. Oetker) 
Ballistic Gelatine 
(Sigma Aldrich)  
RTV rubber 60T 
(Smooth-On, Inc.)  
RTV rubber 10T 
(Smooth-On, Inc.)  
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that the projectile does not disintegrate when fired in the gas gun. This sabot is used 
to wrap and accommodate the projectile during the gas gun test so that the projectiles 
can pass through the barrel without jamming and hence reduce friction. The projectile 
is wrapped with a double layer of transparency film and the height is the same as the 
length of the projectile. The projectile sabot is displayed in Figure 5-2. 
 
Figure 5-2: Manufacturing of thin-walled, lightweight sabot for both rubber and gelatine 
projectiles 
From Figure 5-2, the thin-walled sabot is open at the top and sealed at the bottom. 
After the projectile wrapped with the thin-walled sabot is fired and impacted on the 
target, the sabot peels off and the bottom adhesive will be fractured by the shock 
wave generated inside the projectile, which is illustrated in Figure 5-11 (a) and (b). 
Since the mass of each sabot is precisely controlled and contributing less than 10% 
of the entire mass, the initial kinetic energy of each sabot should be consistent and 
negligible comparing with that of the projectile. 
 
 
 
101 
5.2.2. Gas gun and 3D digital image correlation set up 
A light gas gun (Natural Impact.Ltd) with a maximum pressure of 10 bar, was fed 
from a 4-litre cylinder. It is used to conduct impact tests, which tries to mimic the bird 
strike. The gas gun pressurizer is filled by either compressed air or Helium, which 
provides a maximum pressure of 7 bar and 10 bar respectively.  
 
Figure 5-3: Overview of the light gas gun and its key components 
There are two barrels of 10 mm and 25 mm diameter in the gas gun shown in Figure 
5-3. The 25 mm diameter barrel was used for the gelatine and rubber impacts. The 
impact speed is attained by two infra-red (IR) sensors attached towards the end of 
the barrel, indicated in Figure 5-3. The data from the IR sensors output the time taken 
for the projectile to travel between the two IR sensors, and they are recorded by the 
oscilloscope. Since the distance between two IR sensors is known, the impact 
velocity can be computed using velocity=distance/time. In addition, the high speed 
camera is applied to film the entire motion of the gelatin projectile from when it 
emerges from the barrel outlet to the final impact onto the target materials. The target 
chamber confines the area where target materials and the clamping system are 
located. In order to measure the impact deformation of the target materials, the 3D 
Digital Image Correlation (DIC) technique is used. The back plate of the target 
chamber has been modified by creating two square holes (250 mm x 250 mm) so 
Pressurizer Barrel Infra-red sensor 
Target chamber Feed and switch chamber 
102 
that two synchronised cameras (Phantom Miro M/R/LC310) can film through two 
opening holes. The whole DIC setup is depicted in Figure 5-4. 
The 3D DIC uses GOM ARAMIS software, which is an optical method that employs 
tracking and image registration techniques for accurate 3D measurements of 
changes in images. It is often used to measure deformation and strain. The tracking 
procedures are performed using two synchronised high speed cameras. 
The two cameras recorded the deformation of the target at 40,000 frames per 
second. A pair of identical Nikon lenses with a fixed focal length of 50 mm was used 
for both cameras. The two cameras were separated from each other by 410 mm and 
were 925 mm away from the centre point of the target. This created an angle of 
approximately 25˚ between the two cameras (Mohagheghian et al. 2017). This is 
equal to the recommended angle for stereo-vision measurements (ARAMIS 2011). 
Another high-speed camera (Photron FASTCAM Mini UX50) was located on the 
impacted side of the sample and monitored the interaction of the projectile with the 
target. This camera was shooting at 20,000 frames per second, half the speed of the 
back cameras. The DIC calibration test and DIC data obtained during the test were 
both processed in this software (GOM ARAMIS). 
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Figure 5-4: 3D digital image correlation set up in the gas gun 
 
5.2.3. Target material and its clamping system 
Aluminium alloy (2024-T3) sheet of 1 mm thickness was chosen to be the target 
material since its impact compliance is more significant than the laminated glass. In 
order to capture the deformation on the aluminium target using 3D DIC, the back of 
the target was initially painted white using acrylic spray and then random black dots 
were manually drawn in the focused region to have maximum colour contrast. In 
order to precisely compute the movement of each black dot, the recommended size 
of the black dots is between 3-5 pixels for the software to recognise (ARAMIS 2011). 
Hence, the diameter of the black dot is approximately 0.7 mm to 1 mm. The dots 
were drawn using a black ink marker pen. The 1 mm aluminium sheet with the DIC 
dots is shown in Figure 5-5.  
Barrel 
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Figure 5-5: Aluminium target: (a) painted aluminium target; (b) area where target is clamped 
As shown in Figure 5-5 (a), there are twelve 10 mm holes distributed around the 
target which enable the aluminium target (230 mm x 230 mm) to be bolted onto the 
clamping system. The shaded area in Figure 5-5 (b) is the region where the 
aluminium target is clamped between two mild steel frames. Hence, this generates a 
150 mm x 150 mm open area exposed to the projectile out of the gun barrel. The 
whole clamping system with the target is shown in Figure 5-6.  
 
Figure 5-6: The clamping system for the aluminium target 
The whole clamping set-up and the experiment is illustrated in Figure 5-7.  
40 mm 
(a) (b) 
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Figure 5-7: Clamping system from a side view 
The projectile is propelled by the helium gas at a pressure of 8 bar and impacts onto 
the target at an impact speed of 150 ms-1. In order to retain the consistency of the 
initial kinetic energy for every gunshot, all the rubber and gelatine projectiles had the 
same dimensions (24.8 mm diameter and 50 mm in length), by accommodating them 
in the thin-walled sabot which is mentioned in Section 5.2.1. 
 
5.2.4. Results  
A series of gas gun impact tests has been conducted using both rubber and gelatine 
projectiles. It is critical for both types of projectiles to maintain the same initial 
momentum so that the target compliance after the impact can be comparable. Since 
the densities of rubber (1090 kgms-3) and gelatine (990 kgms-3) projectiles differ from 
each other, the mass of rubber will be higher than that of gelatine when the same 
mould is used to make the projectiles. Hence, a number of tests were performed in 
order to produce the diagram shown in Figure 5-8, which indicates the central 
displacement as a function of speed for both rubber and gelatine projectile tests. 
  1
5
0
 m
m
 
 
    150 ms-1 
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Figure 5-8: Central compliance of aluminium sheet by both rubber and gelatine projectiles 
The central displacement from each gas gun test is attained using the 3D DIC, by 
extracting the displacement data at the centre spot of the target. In Figure 5-8, the 
two pairs of data, at which rubber and gelatine projectiles were shot at similar speeds, 
i.e. 122 ms-1 and 142 ms-1, are highlighted using a red circle. Since the mass for each 
projectile may be different, the projectile momentum is a better quantity to compare 
the impact response between rubber and gelatine impacts than the speed. In 
addition, momentum is chosen because of its link to the applied impulse on the target. 
At the speed of 122 ms-1, the mass of the two projectiles was almost the same which 
meant that the momentum was also similar and it was equal to 3.3 kgms-1. The initial 
momentum for rubber and gelatine shots at the speed of 142 ms-1 is significantly 
different, as shown Figure 5-9. 
The data at the speed of 122 ms-1, the initial momentum of both projectiles is the 
closest. Therefore, that speed is subsequently chosen to carry out further analysis in 
terms of the central and full field displacement profile. 
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Figure 5-9: Central displacement in accordance with the initial momentum for both 
rubber and gelatin projectiles 
The central and full field displacement profiles extracted from DIC are shown in 
Figure 5-10 (b) and (c), (d) respectively, in which the red dot and blue dashed line 
are located at the centre and centre line of the aluminium target’s back surface as 
shown in Figure 5-10 (a). Both results are generated in 3D DIC, from which the 
displacement or strain at a point, as well as a section on the dotted area, can be 
computed. The target compliance under rubber impact is more significant than that 
from gelatine impact. There is a 1 mm difference between rubber and gelatine impact 
in terms of the maximum central displacement, which is indicated in Figure 5-10 (b). 
The complete displacement profile along the blue dashed line shown in Figure 5-10 
(a) is plotted for the rubber and gelatine in Figure 5-10 (c) and 5-10 (d) respectively. 
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A third high speed camera is filming the travel and impact of the projectiles, 
subsequently, a series of synchronised images was obtained, which shows the 
deformation of the projectiles as well as the deformation of the target during the 
impact. Figures 5-11 (a) (b) illustrate the results for rubber and gelatine respectively 
from the DIC and a third high speed cameras. By comparison, the gelatine projectile 
spreads out to a larger area on impact than the rubber projectile. In addition, the 
maximum central displacement corresponds to the gelatine projectile is smaller than 
that of rubber impact with the same initial momentum, as shown in Figure 5-11. The 
colour contour images illustrate the out of plane displacement at the back surface of 
the aluminium target in Figure 5-10 (a). 
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Figure 5-11: Images from high speed camera and DIC for (a) rubber and (b) gelatine impacts 
at speed of 122 ms-1 and 3.3 kgms-1. The colour contour above is rotated 90o so that the x and 
y axis are not matching in Figure 5-5, 5-6 and 5-10. 
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5.3. Finite element simulation 
5.3.1. Material characterisation  
The material properties of the projectile and target material are needed as an input 
in the simulation of the gas gun test. The target material, aluminium alloy 2024-T3, is 
used widely in aircraft structural components, e.g. the wing flap and the fuselage. It 
is commonly characterised using the Johnson–Cook (J-C) material model. J-C is a 
strain-rate and temperature-dependent (adiabatic assumption) viscoplastic model. It 
has been well developed and comprehensively adopted for a number of common 
metallic materials. It has the form shown below: 
𝜎𝑌 = (𝐴 + 𝐵𝜀
𝑛)(1 + 𝐶 𝑙𝑛 𝜀̇∗)(1 − 𝑇∗𝑚) 
where 𝜎𝑌  is effective yield stress; 𝜀  is an effective plastic strain; 𝜀̇
∗  and 𝑇∗  are 
normalised strain rate and temperature terms; A, B, C, m and n are material 
constants. For the aluminium alloy 2024-T3, the latter parameters are defined as 
follows: A =265 MPa; B=426 MPa; C=0.015; n=0.34, and m=1.0 (Buyuk et al 2009). 
However, these constants are only valid for a range of strain rates in the work by 
Murat et al (Buyuk et al 2009) and further work needs to be conducted to prove the 
validity of the parameters above for the present study. 
Since both rubber and gelatine are selected to replace bird as substitute materials, it 
is essential to obtain the corresponding constitutive equation for each surrogate 
material. With reference to the rubber, it can be defined as a hyperelastic material. 
This constitutive model is for ideally elastic materials, in which the stress-strain 
relationship is derived from a strain energy density function. In this case, the Mooney-
Rivlin solid model is chosen and its strain energy density function is shown below: 
𝑊 = ∑ 𝐶𝑖𝑗(𝐼1̅ − 3)
𝑖(𝐼2̅ − 3)
𝑗 +
𝑁
𝑖+𝑗=1
∑ 𝐷𝑚
𝑀
𝑚=1
(𝐼1̅ − 3)
2𝑚 
 
where 𝐶𝑖𝑗 and 𝐷𝑚 are material constants. 𝐼1̅ and 𝐼2̅ are the first and second invariant 
of the unimodular component of the left Cauchy-Green deformation tensor.  
Equation 5-1 
Equation 5-2 
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As shown in Table 5-1, two sets of Mooney-Rivlin parameters were used. The first 
one is from the characterization study in Chapter 4, whereas the second one is 
chosen from Fend and Hallquist (Feng and Hallquist 2012), with N=1, M=1, C00=0, 
C01=0.173 MPa; C10=0.69 MPa; D1=0.0145 MPa-1, and the density of rubber is equal 
to 1090 kgm-3. 
Again, the hyperelastic model and its parameters mentioned above need to be 
verified for the rubber projectile at a very high strain rate, i.e. bird strike, which the 
strain rate reaches above 1000 s-1 (Heimbs 2011). Hence, another approach for 
characterising rubber is employed; known as the Equation of State (EoS). The Mie-
Gruneisen EoS was used which is available in material library of ABAQUS (see 
Equation 2-6). 
For rubber, the material parameters that appear in this EoS are: s =0.5072, 𝛤0=0, 
c0=1869 ms-1, ρ0=1090 kgm-3 and Em=0 (Smojver and Ivančević 2011), which can be 
seen in Table 5-1. For gelatine, several constitutive laws have been proposed since 
the bird impactor has been studied using gelatine as a substitute material by various 
research teams. Initially, a simple elastic-plastic material law was used extensively 
to model the bird, but no fluid-like flow response can be achieved with such a law 
unless the shear modulus is set to a very low value. The determination of the material 
constants was reported to be critical and challenging, therefore, research shifted to 
the Equation of State (EoS) approach that provides a hydrodynamic material model 
in which the material's volumetric strength is determined (Heimbs 2011). Hence, 
Equation 2-6 is also used in this study for the gelatine projectile characterisation. 
The material parameters are defined as: s =1.92, 𝛤0=0 and c0=1480 ms
-1; ρ0 sets as 
968 kgm-3 and Em sets as 0 (Smojver and Ivančević 2011). 
The material constitutive equations described above are employed in the gas gun 
test process simulation. The results from the simulations will be compared with the 
data from the gas gun experiments in order to assess the accuracy of the developed 
models. The details of material models used for finite element simulation, Lagrangian, 
Eulerian and SPH approach were summarised in Table 5-1. 
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Table 5-1: Models used for rubber and gelatine projectiles in the gas gun simulation 
 Lagrangian Eulerian SPH 
Rubber 
 EoS: s =0.5072, 𝛤0=0, 
c0=1869 ms-1  
 MR (Chapter 4):  
C10 = 0.730 MPa,  
C01 = 0.228MPa 
ρ0=1090 kgm-3 
 MR (Feng and Hallquist 
2012) : C10 = 0.69 MPa,  
C01 = 0.173MPa 
Not valid for 
Hyperelastic model 
 EoS: s =0.5072, 𝛤0=0, 
c0=1869 ms-1  
 MR (Chapter 4):  
C10 = 0.730 MPa,  
C01 = 0.228 MPa 
ρ0=1090 kgm-3 
 MR (Feng and Hallquist 
2012) : C10 = 0.69 MPa,  
C01 = 0.173MPa 
Gelatine 
 EoS: s =1.92, 𝛤0=0,  
c0=1480 ms-1  
 MR (Chapter 4):  
C10 = 0.218 MPa,  
C01 = 0.0805 MPa 
ρ0=968 kgm-3 
 
EoS: s =1.92, 𝛤0=0, 
c0=1480 ms-1  
ρ0=968 kgm-3 
 EoS: s =1.92, 𝛤0=0,  
c0=1480 ms-1  
 MR (Chapter 4):  
C10 = 0.218 MPa,  
C01 = 0.0805 MPa 
ρ0=968 kgm-3 
 
For the projectile, 3920 C3D8R (8-node linear brick, reduced integration, hour glass 
control) elements were created and there are corresponding 15844 nodes associated 
with the projectiles. The SPH method uses a particle conversion, which can be 
performed in the Element Control Tab in ABAQUS. The number of particles needs to 
be chosen in each meshed element box and a parametric study was conducted in 
order to determine the optimised number of particles in each element. As a result, 1 
particle in each element (1 PPD in ABAQUS) is chosen in the simulation to give an 
optimised representation. Time criterion, zero threshold and cubic Kernel were used 
in the impact simulation. 
 
 
 
 
 
114 
5.3.2. Anisotropy analysis of the aluminium target  
Anisotropic materials exhibits mechanical properties, which are directionally 
dependent. For rolled aluminium, such as the aluminium alloy 2024-T3 used as a 
target, the properties could therefore be influenced by the rolling direction.  
 
Figure 5-12: Geometry of uniaxial tensile specimens (dimension in mm). Specimens were cut 
0o, 45o and 90o to the rolling direction. 
In order to evaluate the anisotropy of the target material, tensile tests using dog-bone 
specimens made of AA2024-T3 sheet were conducted. Tensile specimens were 
produced from the target material by CNC milling and the sample geometry is shown 
in Figure 5-12. Three orientations at 0°, 45° and 90° to the rolling direction were 
chosen to investigate the material anisotropy in different orientations. 
The design of the dog-bone specimen was guided by the ASTM Standards (ASTM 
E8) for sheet-type tensile specimens. The test machine employed to conduct the 
experiments was the Instron 5585H, which has a maximum load capacity of 250 kN 
and the machine crosshead is kept at a constant speed of 2 mms-1. 2D DIC was used 
Rolling Direction 
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to compute the strain. Three replicates were tested in each orientation to attain an 
average and the stress - strain response is shown in Figure 5-13, which also includes 
the corresponding images from DIC. 
 
Figure 5-13: Response of the aluminium specimen in three orientations under the tensile test 
DIC images were taken at the rate of 0.2 fps (frame per second) and it is apparent in 
Figure 5-13 that the necking occurred near the clamps. The three curves for three 
orientations are overlapping in the elastic region, but they start to diverge when 
reaching the yielding point. Therefore, material shows a clear anisotropy and the 
strength in the rolling direction for the 0 ° sample is the greatest of all three. 
In order to quantify the amount of anisotropy in the out-of-plane direction, the 
Lankford ratio (rα) is used, where α is the test pulling angle and is defined as a ratio 
of the transverse strain (𝑑𝜀𝛼+𝜋 2⁄ ) to the strain in the out-of-plane (through-thickness) 
direction (𝑑𝜀3) (Beese et al. 2010). 
𝑟𝛼 =
𝑑𝜀𝛼+𝜋 2⁄
𝑑𝜀3
 
The strain in the out-of-plane direction can be obtained based on the plastic 
incompressibility condition, as 𝑑𝜀3 = −(𝑑𝜀𝛼 + 𝑑𝜀𝛼+𝜋 2⁄ ), whilst the measurements of 
the two in-plane strains are generated from the DIC. Figure 5-14 illustrates the 
relationship between the transverse strain and the out-of-plane strain for the 
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aluminium specimens in all three orientations. The slopes of the lines are the rα 
values. 
 
Figure 5-14: Transverse plastic strain versus through-thickness plastic strain for uniaxial 
tension 
The gradients of the three lines in Figure 5-14 are computed, which correspond to 
r0, r45 and r90. Then, the yield function (Hill 1948) is calibrated for this material. The 
corresponding yield stress ratios, R, can be computed based on three Lankford ratios 
obtained.  
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Using Equation 5-4, stress ratio R can be obtained and are summarised in Table 5-
2. 
Table 5-2: Parameters of anisotropy 
Lankford ratio Anisotropy creep stress ratio 
r0 r45 r90 R11 R22 R33 R12 R13 R23 
0.5401 0.8445 0.5041 1 0.978 0.862 0.911 1 1 
 
In Table 5-2, it is observed that the in-plane anisotropy can be considered small as 
R11 and R22 are close to one. It seems that R12 is not close to one, which means the 
anisotropy is relatively larger comparing to the other in-plane anisotropy. But there is 
a large amount of anisotropy in the through-thickness direction, R33, which is 0.862. 
Hence, the parameters in Table 5-2 will be implemented in the software ABAQUS to 
perform the finite element simulation of the target material. 
 
5.3.3. Finite element simulation approach 
The boundary conditions of the target material model in the simulation are 
represented as a fixed condition, which corresponds to the set-up in the gas gun test, 
shown in Figure 5-5 and Figure 5-6. The target is clamped between two steel plates 
by bolts, the clamped area are constrained in all six degree of freedoms. The bolts 
are modelled as rigid pins which are fixed during the impact process. The impact 
speed of the projectile was determined by extracting the data from IR sensors and 
being imported into ABAQUS. In addition, the impact (interaction) mechanism 
between the projectile and the impact target is described as a normal contact without 
any friction. The projectile is prescribed with an initial speed equal to 122 ms-1. 
Since rubber does not behave as a fluid under gas gun rate, the hyperelastic model 
can be used in the Eulerian method. Therefore, only the Lagrangian and the SPH 
methods are used in the simulation of the rubber impact. The resulting images are 
shown in Figure 5-15. 
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Figure 5-15: Rubber-aluminium impact using (a) Lagrangian and (b) SPH simulation methods 
Figure 5-15 indicates that the spreading pattern of the rubber projectile on impact, is 
not as large as the one observed in real bird impact scenarios (Heimbs 2011). By 
comparison, the SPH model shows slightly larger spreading than the Lagrangian 
approach, which results from the conversion of the mesh in the Lagrangian model to 
the meshless particle SPH method. 
All three FE methods can be applied to the gelatine and the deformed geometry 
history is shown in Figure 5-16. There is a large difference between rubber and 
gelatine with respect to the flow pattern obtained from the Lagrangian approach. 
Element distortion is apparent in the gelatine projectile which deforms substantially 
under the impact load, leading to a termination in the computation. In contrast, the 
Eulerian and SPH methods perform better in terms of the element distortion 
compared to Lagrangian, which is the main reason that the former two methods are 
preferred for simulating gelatine impact. 
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Figure 5-16: Gelatine aluminium impact using (a) Lagrangian, (b) Eulerian and (c) SPH 
simulation methods 
 
5.3.4. Simulation results and comparison with experimental data 
The simulation results are compared with the output from the DIC experiments in this 
section. 
5.3.4.1. Rubber aluminium impact  
As mentioned in Section 5.2.2, three high speed cameras were used in the gas gun 
experiment: two synchronised cameras were filming at the back of the target aiming 
at producing 3D DIC analysis, whilst the third camera was capturing the motion of the 
projectile from the side view. The anisotropic property of the target material 
investigated in Section 5.3.3 is also taken into account for this simulation. Moreover, 
the displacements in the speckled region of the target’s back surface, manually drawn 
with black dots, were recorded. By using the results from three cameras as well as 
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Finite Element numerical results, a comparison between both experiment and model 
is shown in Figure 5-17.  
 
Figure 5-17: DIC experiment and FE simulation results for rubber impact. (a) rubber images 
from high speed camera. (b) rubber images from simulation. (c) displacement field at the 
back surface of the target from DIC. (d) displacement field from simulation using Lagrangian 
method  
The thin-walled sabot wrapped around the rubber projectile is seen to peel off when 
the projectile impacted onto the target in Figure 5-17(a). This demonstrates that the 
sabot does not affect the target’s deformation profiles. Meanwhile, the series of 
images from the high speed camera are compared to the Lagrangian simulation 
images when the hyperelastic model (Mooney-Rivlin) was used to model rubber. In 
addition, the out of plane back displacement produced by the 3D DIC is compared 
with that from the FE simulation in a quantitative way. The maximum displacement 
from DIC is larger than that from the Lagrangian FE approach in Figure 5-18. 
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Figure 5-18: Comparison of experiment and FE simulation in the central displacement at the 
back of the aluminium sheet during rubber impact at 122 ms-1 (using the Mooney-Rivlin 
parameters from (Feng and Hallquist 2012)) 
The central and sectional displacements are also used to compare the DIC results 
with the simulation predictions. The data from Figure 5-18 is derived from the 
projectile flying at the speed of 122 ms-1. Since the rubber projectile are modelled 
using Lagrangian and SPH methods, the results from those two approaches are used 
to compare the one from 3D DIC. Based on the results shown in Figure 5-18, the 
results from SPH is closer to the DIC results than the Lagrangian method, which 
could be due to the high element distortion during impact. With the time increasing, 
the difference between the DIC results and FE gets bigger, which is due to the fact 
that the model used in the simulation for the target is not compliant. 
In Chapter 4, the RTV rubber was characterised using the Mooney-Rivlin model at 
the strain rate between 70 s-1 and 3750 s-1. The parameters of the Mooney-Rivlin 
constitutive model to fit the 10 shore rubber are shown in Table 5-1, or Table 4-5. 
The data in Table 5-1 can be used to extrapolate the response of stress and strain 
at a higher strain rate, for instance, the initial strain rate of the projectile of the gas 
gun test, i.e. 2500 s-1 (for the impact speed of 122 ms-1) 
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Figure 5-19: Central displacement at the back of the aluminium sheet during rubber impact 
(using the Mooney-Rivlin parameters determined in Chapter 4) 
In Figure 5-19, the central displacement profiles from both SPH and Lagrangian gave 
predictions which are significantly closer to the DIC results after replacing the EoS in 
Table 4-3 with the Mooney-Rivlin constitutive model. In addition to the improvement 
in the central displacement predictions, there is an improvement in the sectional 
profile using this constitutive model as well, see Figures 5-20 and 5-21. Thus, the 
Mooney-Rivlin model is a better model for the rubber projectile in “bird strike” 
simulations. The model needs to be further validated in future since the parameters 
in the Mooney-Rivlin model are calibrated using data outside the strain rate range 
encountered in the gas gun tests. 
 
0
2
4
6
8
10
12
14
0 200 400 600 800 1000
C
e
n
tr
a
l 
b
a
c
k
 d
is
p
la
c
e
m
e
n
t 
(m
m
)
Time (µs)
 DIC
 SPH
 Lagrangian
123 
 
Figure 5-20: Comparison between DIC and SPH simulation regarding the sectional 
displacement (using the EoS as rubber material characterization) 
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Figure 5-21: Comparison between DIC and SPH simulation regarding the sectional 
displacement (using the Mooney-Rivlin as rubber material characterization) 
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5.3.4.2. Gelatine aluminium impact  
The results from the gelatine projectile tests and simulation are shown in Figure 5-
22. 
 
Figure 5-22: DIC experiment and FE simulation results for gelatine impact at the speed of 
122.5 ms-1. (a) rubber images from high speed camera. (b) rubber images from simulation. (c) 
displacement field at the back surface of the target from DIC. (d) displacement field from 
simulation  
In Figure 5-22, a comparison between the DIC results and the Eulerian simulation 
predictions is made. Additionally, the FE data are compared to the DIC values in a 
more quantitative manner in Figure 5-23. The maximum displacement is 1-2 mm 
lower than the experimental data. Furthermore, the gelatine impact was also 
simulated using the Lagrangian and SPH methods. The Lagrangian method, 
however, was terminated prematurely due to the high element distortion, therefore 
the simulation results are verified using only the SPH and Eulerian approaches. The 
DIC 
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gelatine projectile was characterised using the EoS constitutive model for both SPH 
and Eulerian models in Figure 5-23. 
 
Figure 5-23: Central displacement at the back of the aluminium sheet during gelatine impact 
using EoS 
In Figure 5-23, in comparison to the Eulerian method, SPH displays a closer match 
to the DIC results regarding the overall displacement profile. Hence, it is concluded 
that SPH is a superior method in simulating the gelatine impact onto an aluminium 
target. As the time rises, the difference between the DIC results and FE gets bigger, 
which is due to the fact that the model used in the simulation for the target is not 
compliant. 
Moreover, the ballistic gelatine was characterised using the Mooney-Rivlin model. 
The parameters of the Mooney-Rivlin constitutive model for the 10 shore rubber are 
shown in Table 5-1 (taken from Table 4-4). The data in Table 5-1 are employed to 
extrapolate the response of stress and strain at a higher strain rate, for instance, the 
strain rate of the gas gun test, i.e. 2500 s-1. A comparison between the results from 
the SPH using EoS parameters and SPH using characterised Mooney-Rivlin 
parameters is shown in Figure 5-24. 
0
2
4
6
8
10
12
14
0 200 400 600 800 1000
C
e
n
tr
a
l 
b
a
c
k
 d
is
p
la
c
e
m
e
n
t 
(m
m
) 
Time (µs)
  DIC
  SPH
  Eulerian
127 
 
Figure 5-24: Comparison in central displacement between EoS and Mooney-Rivlin 
characterised gelatine projectile during the impact at the speed of 122.5 ms-1. 
In Figure 5-24, the central displacement profile generated from the Mooney-Rivlin 
material model agrees with the DIC results more closely than the one from the EoS. 
The Mooney-Rivlin constitutive model cannot be applied to the gelatine projectile in 
the Eulerian FE approach since the Eulerian approach can only deal with the fluid-
solid interaction problem, which is incompatible with the Mooney-Rivlin modelling 
technique. Therefore, only the SPH method can be employed to compare the impact 
results of the gelatine projectile using both the EoS and the Mooney-Rivlin 
constitutive models. 
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Figure 5-25: Central path displacement at the back of the aluminium sheet at the impact 
speed of 122.5 ms-1-using Eulerian method and projectile using EoS 
Apart from the central displacement, the sectional path displacement for the gelatine-
aluminium impact case is also analysed in order to have a complete comparison in 
the whole region instead of one single point. The DIC and Eulerian FE results are 
summarised in Figure 5-25. Whereas, the SPH results are compared to the DIC 
measurements in Figure 5-26.  
The time increment between consecutive curves in Figures 5-25 and Figure 5-26 is 
25 µs, which was set in DIC. In Figure 5-26, the DIC and FE results are overlapping 
0 20 40 60 80 100 120 140
X Coordinate (mm)
0
2
4
6
8
10
12
14
0 20 40 60 80 100 120 140
C
e
n
tr
a
l 
b
a
c
k
 d
is
p
la
c
e
m
e
n
t 
(m
m
)
X Coordinate (mm)
0
2
4
6
8
10
12
14
0 20 40 60 80 100 120 140
C
e
n
tr
a
l 
b
a
c
k
 d
is
p
la
c
e
m
e
n
t 
(m
m
)
X Coordinate (mm)
  DIC
  Eulerian
Time 
increasing 
129 
more closely at the early stage, but when it is reaching the peak, two sets of the data 
start to diverge and DIC results are higher than the results of the Eulerian simulation. 
However, the results are close again with the experimental being 1-2 mm higher due 
to the same reason as stated in the discussion of the rubber-aluminium tests. 
 
Figure 5-26: Central path displacement at the back of the aluminium sheet at the gelatine 
impact speed of 122.5 ms-1. Comparison between DIC and SPH simulation regarding the 
sectional displacement (using the Mooney-Rivlin as gelatine material characterization) 
Again, Mooney-Rivlin model was employed for the gelatine projectile. Similar to the 
improvement in the accuracy of the central displacement in Figure 5-24, an 
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improvement is also shown in the sectional displacement when comparing the DIC 
results and FE simulations as illustrated in Figures 5-25 and 5-26.  
 
5.4. Conclusions 
A 3D Digital Image Correlation technique, which is capable of measuring the target 
compliance in a highly dynamic environment, was used in the gas gun experiments. 
Additionally, it can capture high speed images of the target deformation, which can 
be employed to compare the images generated from the FE model at the same frame 
rate. Hence, results obtained from the FE simulation could be verified both 
quantitatively and qualitatively. 
Three finite element simulation methods were adopted in modelling the gas gun 
experimental test and relevant material constitutive models were employed for the 
rubber and gelatine projectiles, as well as the aluminium target (AA 2024-T3). The 
Eulerian method, is mainly used for the fluid-solid interaction case so it is not 
employed in the rubber projectile, if which is modelled using hyperelastic model in 
the impact simulations. The Lagrangian and SPH methods are used for both the 
rubber and gelatine impact. Since there is large element distortion when using the 
Lagrangian method to simulate the gelatine impact, the Eulerian and SPH 
approaches are both selected for simulating the gelatine impact. The SPH and 
Lagrangian methods were used for rubber impact simulation. The simulation results 
from all three FE methods are used to compare with experimental data in order to 
determine the optimal approach to simulate rubber and gelatine impact. 
For the rubber impact, SPH provides a closer match to the DIC results than the 
Lagrangian method with respect to the overall displacement profile and peak 
displacement values. For the gelatine impact, the SPH and Eulerian approaches 
show a good correlation with the DIC results, whilst the SPH approach has a better 
match with the experimental outcomes for the peak displacement value and contour 
plot. Both the EoS and Mooney-Rivlin models are used in the rubber and gelatine 
impact simulation. It was found that the Mooney-Rivlin parameters determined from 
Chapter 4 provides more accurate results than the parameters taken from the 
literature (Feng and Hallquist 2012) comparing to the DIC experimental values.  
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The displacement profiles from the simulations are lower than the ones derived from 
the experiments, which indicates that the compliance from the gas gun experimental 
test is higher than the one from the simulation. This could be due to the fact that the 
aluminium sheet is not perfectly fixed during the impact, which causes additional 
deformation at the bolt attachments. Moreover, the J-C model might not be the 
optimal material model for the AA 2024-T3. Thus, some characterization tests need 
to be conducted in the future to obtain an accurate material model for the target 
material.  
An aluminium target was adopted in this investigation due to its large compliance 
during impact so that it is easy to detect the target deflection during impact. 
Subsequently, impact of the laminated window will be conducted and detailed studies 
of laminated impact is presented in Chapter 6. 
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Chapter 6. Impact performance of the laminated 
glass using bird substitute materials at high velocity  
 
 
6.1. Introduction  
According to Heimbs (Heimbs 2011), around 10-15% of all bird strike accidents are 
for windshields, and for smaller aircraft, bird strike becomes an even major concern 
for the windshield (52% of fatal accidents) (Heimbs 2011). Based on the insights 
gained from the literature search, in spite of its critical importance, there are not many 
experimental investigations available in the literature on the performance of the 
laminated glass windows against bird strike. This is due to the large amount of cost 
involved in the full-scale experimental study. The cost of carrying out such bird strike 
tests is often expensive. In addition, results are unrepeatable and inconsistent due to 
the fact that each bird differs in size and shape. 
The transparent windows, which consist of a laminated glass structure with a 
polymeric interlayer between layers of chemically strengthened glass, are examined 
in this chapter. This polymeric interlayer is made out of transparent polymers, such as 
polyvinyl butyral (PVB) and Thermoplastic Polyurethane (TPU). In Chapter 5, an 
aluminium target (2024-T3) was employed to study its impact compliance under soft 
projectile impact, i.e. using the rubber and gelatine cylindrical projectiles. The same 
experimental (3D DIC) and FE simulation methods developed in Chapter 5 will be 
employed for the impact behaviour study of the laminated glass in this chapter.  
In this chapter, a combination of both experimental and numerical analyses is 
employed to investigate the impact performance of laminated glass windows. The 
deformation and failure mechanisms of the laminated glass windows are studied at 
the velocity range of 110 to 170 ms-1. In addition, the strain gauges are used in parallel 
to the 3D DIC measurement in order to verify the validity of the DIC results. Then, the 
Smoothed-Particle Hydrodynamics (SPH) method is introduced and it is used to 
simulate the gelatine and rubber impact on the laminated glass. The numerical 
prediction will then be compared with the experimental data. Ultimately, the difference 
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in the observed behaviour of the laminated windows under impact from gelatine and 
rubber projectiles will be evaluated. 
 
6.2. 3D DIC Experimental test 
The 3D Digital Image Correlation technique was applied in the gas gun test in order to 
measure the deformation of the laminated window under the soft impact. The 
experimental set-up of this DIC test is similar to the aluminium gas gun test, which was 
described in Chapter 5. Figures 6-1 (a) and (b) below indicate the set-up used in the 
gas gun test involving the laminated glass target. The target clamping system is the 
only part which is different from the one used for the aluminium impact tests. 
 
 
Figure 6-1: Gas gun experiment for laminated glass (a) 3D digital image correlation set up in 
the gas gun; (b) the clamping boundary conditions 
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The clamping system used to fix the laminated glass is highlighted in Figure 6-1 (b). 
A pair of rubber gaskets with thickness of 4.1 ± 0.1 mm was compressed between the 
laminated glass and the metallic clamp. The gaskets were employed in order to 
prevent a hard contact between the glass and the clamp during the high speed impact. 
Because any direct contacts are capable of causing damage to the target material 
(Mohagheghian et al. 2017).  
 
6.2.1. Material preparation 
The laminated glass consists of two layers of glass and one layer of polymer which 
was laminated using an autoclave at Beijing Institute of Aeronautical Materials (BIAM). 
The two glass panels with dimensions 180 mm x 180 mm, were made by float glasses, 
which were soaked in potassium salt solution for ion exchange at 420 °C for 5 hours. 
As a result, a compressive layer, with a depth of 38 ± 5 μm and strength of 738 ± 20 
MPa, is produced on both sides of the glass. This layer tends to result in an improved 
impact resistance. The measurements of surface strength were performed using an 
Orihara surface stress meter model FSM-600LE (Mohagheghian et al. 2017). The 
polymer interlayer is selected as the Thermoplastic Polyurethane (TPU) – 
KRYSTALFEX ®PE499, which was purchased from Huntsman. The thickness of the 
TPU interlayer was 3.2 mm due to the limited types of polymer interlayer available in 
the market, 
Both types of projectiles used in the laminated glass impact test are similar to those in 
the aluminium impact test, and the detailed information for the projectiles can be found 
in Section 5.2.1 of Chapter 5. 
 
 
 
 
 
 
135 
 
6.2.2. 3D-DIC gas gun test 
Similar to the DIC pattern drawn at the back of the aluminium plate in Section 5.2.3 
of Chapter 5, a number of black speckles are randomly dotted upon a white sprayed 
area at the back of the laminated glass sample, such that the DIC cameras can be 
used to visualise and record the movements of the black dots during the high speed 
impact.  
 
 
Figure 6-2: Two types of DIC sample configurations (a) square-dotted area (b) rectangular-
dotted area 
Figure 6-2 (a) illustrates a square dotted area with dimensions of 70 x 70 mm where 
the full-field major strain and out of plane displacement can be obtained. Figure 6-2 
(b) shows the two strain gauges located at the centre of the glass panel and 30mm off 
the centre, whose purpose is to validate the accuracy of the DIC results by comparing 
the vertical strain value along y-direction at the same gauge spot.  
As the projectiles hit the target approximately at the centre of the frontal glass surface, 
the painted pattern of the target material (70 x 70 mm) during the impact can be 
tracked using the DIC configuration shown in Figure 6-2 (a). Since the projectile tends 
to spread radially after impacting onto the target, the square area highlighted in Figure 
6-2 (a) is capable of capturing the behaviour of the target material during the impact. 
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The third high speed camera pointed at the centre of the frontal glass panel, as shown 
in Figure 6-1 (a), is filming the projectile behaviour during the impact. The resulting 
images for a rubber projectile are shown in Figure 6-3 (a). A series of high speed 
images showing the behaviour of the rubber projectile during the impact was recorded 
for 1 ms, and its corresponding full field out-of-plane displacement and major principal 
strain are extracted and depicted in Figure 6-3 (b) and 6-3 (c) respectively. 
 
Figure 6-3: Rubber impact results of a laminated glass window (TPU interlayered) at the velocity 
of 168 m s-1: (a) shows the projectile deformation; (b) and (c) display the out-of-plane 
displacement and major principal strain contours over the observation area, calculated using 
DIC. 
In the impact case above, the rubber projectile was hitting the laminate glass at the 
initial speed of 168 ms-1 (an example of several gas gun tests), which results in a 
maximum displacement of 5.25 mm at the time of 0.45 ms (time recorded since the 
initial impact). Meanwhile, the major principal strain reaches its maximum earlier than 
the out of plane displacement. To further investigate this, the test was repeated with 
various impact speeds and it was found that the maximum major strain always 
occurred earlier than the maximum out of plane displacement, which is resulted from 
the highly localised deformation (Mohagheghian et al. 2017). By observing the colour 
contours illustrated in Figure 6-3 (b) (c), the maximum displacement and major strain 
both occur around the centre area. Since the full-field profile of the out of plane 
displacement and major strain from both rubber and gelatine impacts can be obtained 
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at this area from DIC, the maximum central displacement and major strain are 
extracted and shown in Figures 6-4 and 6-5 respectively.  
 
 
Figure 6-4: (a) Out of plane displacement from DIC and (b) major principal strain from DIC at 
the centre of the back surface laminate glass under the gelatine impact at various speeds 
Figure 6-4 (a) shows the central maximum displacement profiles from four gelatine 
impacts, with the impact speed varying from 106 ms-1 up to 154 ms-1. The time duration 
is chosen to be 2 ms for all of the figures, which is large enough to evaluate the 
performance. As indicated in Figure 6-4, the higher the impact speeds, the greater the 
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maximum displacement or major strain. Approximately over 1 ms, negative values 
started to take place for both the profiles, which represents the laminated glass starting 
to bounce back. After approximately 1500 – 1750 µs, the displacement values become 
positive again. Hence, this figure indicates that there is a certain amount of compliance 
in the laminated glass during the impact. 
 
Figure 6-5: (a) Out of plane displacement from DIC and (b) major principal strain from DIC at 
the centre of the back surface laminate glass under rubber impact at various speeds  
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With reference to the rubber impact shown in Figure 6-5, it is apparent that both 
central displacement and major strain have higher values than the gelatine 
counterparts. Similarly, there are six shots being fired using the RTV rubber impacting 
against the laminated glass. It is worth noting that using the slopes of the initial linear 
part in Figure 6-4 (b) and 6-5 (b) results in approximate values of the major strain 
rates of 60 s-1 and 200 s-1 for the gelatine and rubber impacts respectively. 
 
6.2.3. Test results 
As described in Section 5.2.2 of Chapter 5, the projectiles were launched in the gas 
gun barrel and fired with various velocities depending on the input pressure fed from 
the pump. In addition, the travelling speed is measured by the Infra-red sensors, 
equipped at the outlet of the barrel. A series of shots with RTV rubber and gelatine 
projectiles were fired in the range of 110 ms-1 and 170 ms-1, which is within the speed 
range of the aircraft taking off or landing periods. The results of the gas gun shots are 
shown in Figure 6-6. 
 
Figure 6-6: Velocity-Pressure profile of both rubber and gelatine projectiles impacting on 
laminated glass (TPU interlayer) 
In order to compare the impact behaviour of the laminated glass under both rubber 
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speed and momentum were extracted and tabulated in Tables 6-1 to 6-4. The out of 
plane central displacement and major principal strain are determined and included in 
the tables below. As observed from the four tables, the projectile mass of both rubber 
and gelatine are fairly close to each other, and a change in the speed will be directly 
proportional to the change in the momentum. Therefore, momentum is used as the 
independent variable in order to compare the out of plane displacement and the major 
strain at the same circumstance. 
Table 6-1: Summary for the central out of plane displacement under rubber impacts from DIC 
Pressure (Bar) Speed (ms-1) Displacement (mm) Mass (g) Momentum (kg ms-1) 
5 131 3.79 27.1 3.54 
5.5 116 3.28 27.5 3.19 
7 146 4.58 27.0 3.94 
7 157 4.81 27.3 4.24 
8 165.6 5.22 26.9 4.47 
8.8 168 5.44 27.2 4.54 
 
Table 6-2: Summary for the central out of plane displacements under gelatine impacts from 
DIC 
Pressure (Bar) Speed (ms-1) Displacement (mm) Mass (g) Momentum (kg ms-1) 
5 106 2.51 25.8 2.76 
8 128 3.38 26.2 3.33 
8.5 145 3.93 26.0 3.77 
8.5 154 3.56 26.1 4.00 
 
Table 6-3: Summary for the central major strain under rubber impacts from DIC 
Pressure (Bar) Speed (ms-1) Major Strain (%) Mass (g) Momentum (kg ms-1) 
5 131 0.722 27.1 3.54 
5.5 116 0.442 27.5 3.19 
7 146 0.777 27.0 3.94 
7 157 0.682 27.3 4.24 
8 165.6 0.692 26.9 4.47 
8.8 168 0.799 27.2 4.54 
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Table 6-4: Summary for the central major strain under gelatine impacts from DIC 
Pressure (Bar) Speed (ms-1) Major Strain (%) Mass (g) Momentum (kg ms-1) 
5 106 0.317 25.8 2.76 
8 128 0.401 26.2 3.33 
8.5 145 0.403 26.0 3.77 
8.5 154 0.635 26.1 4.00 
 
In Figures 6-7 and 6-8, the out of plane central displacement and major principal 
strain from both rubber and gelatine impacts are illustrated respectively. It is apparent 
that both parameters extracted from the rubber impacts are relatively higher than those 
from the gelatine impacts. With respect to the rubber impacts, the laminated glass front 
panel fractured when the impact speed reached 146 ms-1 or higher, but the back glass 
panel is still in place. As a result, the DIC results will not be valid due to the fracture in 
the front glass panel. In comparison, there are no fractures occurring on the target 
materials from gelatine impacts for all the impact speeds tested.  
In order to ensure the comparability between the rubber and gelatine impact results, 
only the data not affected by fracture events are considered. Thus, rubber shots at 
116 ms-1 and 131 ms-1 are used. In addition, there is a clear effect of the fracture event 
on the central displacement profile in Figure 6-5 (a) as the fractured panels exhibited 
larger negative values before the central displacement and major strain repossess 
positive values again. The maximum values are also much greater than the cases in 
which the targets are not fractured as shown in Figure 6-5 (a), which shows a clear 
gap between the profiles corresponding to 131 ms-1 and 145 ms-1, specifically in the 
negative displacement regime. 
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Figure 6-7: Major strain-velocity profile of both rubber and gelatine projectiles impacting on 
laminated glass (TPU interlayer) 
Furthermore, from Figure 6-7, the rubber projectile at 116 ms-1 corresponds to a 
momentum of 3.19 kgms-1, which is very close to the momentum value of 3.33 kgms-
1 corresponds to gelatine projectile at 128 ms-1. Thus, this pair of test condition will be 
used to work further comparison between these two projectiles in section 6.3.1. 
 
Figure 6-8: Displacement-velocity profile of both rubber and gelatine projectiles impacting on 
laminated glass (TPU interlayer) 
In both Figures 6-7 and 6-8, there is no fracture for the laminated glass impact by the 
gelatine projectile. The glass gets fractured at the speed of 146 ms-1 by the rubber 
impact, but the gelatine projectiles did not lead to any fractures at the similar speed. 
The actual reason will be investigated in Section 6.3.2. By looking at the figures, the 
gelatine impacts are limited by the impact speed as the maximum speed is 154 ms-1. 
Thus, the results of gelatine impact need to be further discussed when there is a further 
increase in the gelatine impact speed.  
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In Figure 6-5 (b), the strain gauges are located at the centre and 30 mm off the centre 
to validate the DIC results at the same gauge spot. This gauge arrangement aims to 
ascertain that the full field DIC results, which will be presented in the following 
subsections, are accurate enough to be used as a comparison to the finite element 
analysis. Figures 6-9 and 6-10 illustrate the comparison between the strain values at 
the 30 mm off the centre position in the vertical direction and corresponding DIC strain 
values from both rubber and gelatine impacts. 
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Figure 6-9: Comparison of strain gauge and DIC data of strain at vertical y-direction (𝜺𝒚𝒚): (a) 
106 ms-1; (b) 128 ms-1; (c) 145 ms-1; (d) 154 ms-1 for the gelatine impact on the laminated glass 
The strain gauge (FLA-2-8 from Techni Measure Ltd), is a 2 mm linear gauge and is 
thermally compensated for glass and ceramic. The surface of the glass was cleaned 
before attaching the strain gauge using a cyanoacrylate adhesive. This strain gauge 
only allows the strain along the y-axis to be measured during the impact. The time 
span chosen for all the figures is set at 1 ms since the positive strain values before the 
glass panel bounces back can be visualised. The vertical strain profiles obtained from 
DIC agrees with the strain extracted from the strain gauges quite well for gelatine 
impact, particularly the tests conducted at 106 ms-1 and 128 ms-1. Hence, the DIC 
results at this gauge location have been verified and it is assumed that the full field 
DIC results are accurate for the case of the gelatine impact. 
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Figure 6-10: Comparison of strain gauge and DIC data of strain in the vertical y-direction: (a) 
131 ms-1; (b) 145 ms-1; (c) 157 ms-1; (d) 165 ms-1; (e) 168 ms-1 for the rubber impact on the 
laminate glass 
For the rubber impact, five gas gun shots were conducted using the strain gauge to 
verify the DIC results. For the speed of 157 ms-1 in Figure 6-10 (c), the strain recorded 
from the strain gauge reached negative values earlier than the DIC values. It also 
showed larger drops despite the fact that there is no such behaviour in the 
corresponding DIC value, which might be explained by the fact that the gauge might 
have detached from the sample. Though the DIC data in Figure 6-10 are more 
scattered than the ones from the gelatine impact, they still follow a trend which is close 
to the profile generated from the strain gauge data. Therefore, it is concluded that the 
DIC results from the rubber impact tests are accurate enough and they can be used 
for further analysis.  
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6.3. Finite element simulation 
In Chapter 5, a finite element simulation was used to analyse the mechanical 
performance of an aluminium target under soft strike. Three FE methods were adopted 
and it was concluded that the Smoothed Particle Hydrodynamics (SPH) approach 
compared well with the other two methods was the best method to simulate both 
rubber and gelatine impact in both quantitative and qualitative ways, which is indicated 
in Section 5.3.4. Therefore, only the SPH method is employed to simulate the 
laminated glass impact using the ABAQUS/EXPLICIT solver. 
As mentioned before, both rubber and gelatine projectiles are modelled using the 
Equation of State. The same parameters, which are detailed in Chapter 5, will be 
employed for the laminated glass impact simulation. The laminated target consisting 
of two glass panels, one polymer interlayer and rubber gaskets, is more complex than 
the aluminium target. Each layer in the target material was discretised using brick 
elements with eight nodes and reduced integration, C3D8R (in ABAQUS notation). 
The chemically toughened glass was modelled as an elastic material with density, ρ= 
2440 kg m−3, Young’s Modulus, E = 71.7 GPa and Poisson’s Ratio, v= 0.21 (Xue et al. 
2017). Modelling fracture in the glass plates is not considered in the present study and 
therefore no failure model is employed for the glass in the FE model. Furthermore, the 
chemically strengthened glass is treated as an isotropic material without considering 
the initial through-thickness residual stress distribution. The response of the laminated 
glass windows was investigated numerically only at impact velocities for which no 
fracture occurs in the glass layers. Therefore, it is believed that not considering the 
residual stress in the FE model has no effect on the simulation results. It should be 
noted however, that when the failure of the glass plates needs to be modelled, 
considering the residual stress would be essential as it has a significant effect 
especially on the crack propagation and on the shape of the fragments (Mohagheghian 
et al. 2017).  
The rubber gaskets were modelled using a hyperelastic material model (Mooney–
Rivlin) with density of 1060 kgm−3 and C10 and C01 (Mooney–Rivlin material model 
constants) of 0.69 and 0.173 MPa respectively (Li et al. 2009). For the polymer 
interlayer (TPU), a linear viscoelastic material model (generalised Maxwell model) was 
chosen as follows: 
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𝐸(𝑡) = 𝐸∞ + ∑ 𝐸𝑖𝑒
−(
𝑡
𝜏𝑖
)𝑛
𝑖=1                                  Equation 6-1 
where 𝐸∞ is the long-term modulus and 𝐸𝑖 is the elastic modulus associated to the 
relaxation time 𝜏𝑖 . Material parameters used for the generalised Maxwell model 
( Table 6-5 ) were extracted with a method similar to Macaloney (Macaloney et al. 
2007), who utilised multi-frequency sweeps with DMA and shear rheometry so that the 
WLF constants and Prony series coefficients for elastic and shear cases were 
determined (Macaloney et al. 2007). The parameters were imported in ABAQUS in the 
form of shear modulus (Gi), which has a value approximately one-third of Ei. The 
values of 1070 kgm−3 and 0.485 were chosen for the density and Poisson’s ratio of the 
TPU, respectively 
Table 6-5: Prony series material constants extracted for TPU (KRYSTALFEX ®PE499) 
  Gi / G0 ∗  𝜏𝑖 (s) 
1 0 .44231 10-10 
2 0.11511 10-9 
3 0 17258 10-8 
4 0 08917 10-7 
5 0 07606 10-6 
6 0 04828 10-5 
7 0 02867 10-4 
8 0 01444 10-3 
9 0 00611 10-2 
10 0 00249 10-1 
11 0 00097 100 
12 0 00058 10+1 
13 0 00050 10+2 
14 0.00041 10+3 
15 0 00036 10+4 
16 0 00029 10+5 
17 0 00016 10+6 
Long-term 0 001404 10+7 
* G0 is the instantaneous shear modulus and it value is equal to: 𝐺∞ + ∑ 𝐺𝑖
𝑛
𝑖=1  
The FE models used for RTV rubber and ballistic gelatine projectiles are included in 
Table 6-6. In addition, the FE models of laminated glass are also included. 
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Table 6-6: FE models used in two projectiles 
 Material model  Density  
 
Laminated glass  
Rubber 
EoS: s =0.507, 
𝛤0=0, c0=1869 ms-1  
ρ0=1090 kgm-3 Glass: E=71.7 GPa, v=0.21,  
ρ=2440 kgm-3 
TPU: E=0.28 GPa, v=0.485,  
ρ=1070 kgm-3 Gelatine 
EoS: s =1.92, 𝛤0=0,  
c0=1480 ms-1  
ρ0=986 kgm-3 
In the previous chapter, the Mooney-Rivlin model and EoS are both employed for 
rubber and gelatine projectiles, and the Mooney-Rivlin parameters determined in 
Chapter 4 were concluded to be more accurate for both rubber and gelatine projectiles. 
However, in this chapter, only EoS parameters are used in the simulation; 
Mohagheghian et al. (Mohagheghian et al. 2017), showed that the EoS model 
provided an accurate representation of the projectile behaviour in simulations of gas 
gun impact on laminated windows.  
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6.3.1. Finite element simulation results 
The central out of plane displacement and major strain history presented In Figures 
6-4 and 6-5 of Section 6.2.2 will be used in this section and will be compared against 
finite element simulation results from both rubber and gelatine impact. In Figures 6-
11 and 6-12, a comparison between the DIC and SPH simulation is made in terms of 
the central displacement and the time domain is set at 1 ms, which covers the region 
of the maximum displacement observed.  
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Figure 6-11: Central displacement of gelatine impact at speed of (a) 106 ms-1; (b) 128 ms-1; (c) 
145 ms-1; (d) 154 ms-1 from both the simulation and experiment  
Since there is no fracture occurring in the laminated glass during the gelatine impacts, 
the simulation results from all gelatine shots can be used for comparison with the DIC 
experimental data. By observing Figure 6-11 (a) – (d), the four pairs of simulation and 
experimental results agree well with each other. With reference to the rubber impact, 
four comparisons are made as well and are illustrated in Figure 6-12, where the impact 
speed ranges from 118 ms-1 to 157 ms-1.  
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Figure 6-12: Central displacement of rubber impact at speed of (a) 118 ms-1; (b) 131 ms-1; (c) 
145 ms-1; (d) 157 ms-1 from both the simulation and experiment 
Fracture started to take place at the glass panel surface of the laminated glass window 
when the impact speed reached 145 ms-1 for the rubber impact, thus, the results 
obtained are not valid for comparison as the corresponding simulation does not take 
the fracture mechanism into account, as already mentioned in Section 6.2.2. This 
phenomenon is also reflected in Figures 6-12 (c) and (d), in which the fracture is 
initiated in the glass surface during the impact. Thus, it is observed that the maximum 
central displacement derived from the simulation model is lower than that from the DIC 
results.  
In Figure 6-2 (b), the rectangular DIC configuration used in the gas gun experiments 
was shown. The results for the out of plane displacement and major principal strain 
from this DIC configuration are shown in Figures 6-13 and 6-14 for the case of rubber 
and gelatine projectiles respectively. Both figures show contour plots of the out of 
plane displacement at the back surface of the laminated glass. These DIC results will 
be used to attain the sectional displacement, which is next employed to compare to 
the FE simulation results.  
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Figure 6-13: Out of plane displacement and major strain of rubber impact from 3D DIC at initial velocity of 116 ms-1 or momentum of 3.2 kgms-1 
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Figure 6-14: Out of plane displacement and major strain of gelatine impact  from 3D DIC at initial velocity of 128 ms-1 or momentum of 3.3 kgms-1 
 
(a) Out of plane displacement (mm) 
(b) Major principal strain (%)  
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From Figures 6-13 and 6-14, it is observed that the maximum out of plane 
displacement occurs at a later stage than the major principal strain for both rubber and 
gelatine impacts. Furthermore, the maximum values of both displacement and major 
strain are similar to each other for both the gelatine and the rubber impact.  
Numerical data are computed based on the FE model, which was able to generate 
qualitative images. In addition, sectional displacement profiles from both gelatine and 
rubber impacts are obtained and shown in Figures 6-15 and 6-16 respectively. 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 15 30 45 60 75 90 105 120 135 150
O
u
t 
o
f 
p
la
n
e
 d
is
p
la
c
e
m
e
n
t 
(m
m
)
X-Coordinate (mm)
(a) 
Time 
increasing 
157 
 
 
 
 
 
Figure 6-15: Sectional displacement of the laminate glass gelatine impact using SPH (128 ms-1 
or 3.3 kgms-1) (a) from SPH simulation; (b) DIC results; (c) comparison between DIC and 
simulation 
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Figure 6-16: Sectional displacement of the laminate glass rubber impact using 3D DIC and SPH 
simulation (116 ms-1 or 3.2 kgms-1) (a) SPH simulation results; (b) DIC results; (c) Comparison 
between DIC and simulation 
There is a rather good agreement between the DIC results and simulation outputs by 
observing both Figures 6-15 and 6-16. The rubber and gelatine projectile tests chosen 
for this comparison corresponded to a similar momentum, with 3.3 kgms-1 for the 
gelatine projectile and 3.2 kgms-1 for the rubber one, respectively. The maximum 
displacements from both projectiles are also quite close to each other, with 3.28 mm 
for the rubber impact and 3.36 mm for the gelatine impact. The time interval between 
each curve in Figures 6-15 and 6-16 are 25 µs and is the same as the interval used 
for the experimental images shown in Figures 6-13 and 6-14. Each curve from the 
simulation is obtained based on a section length of 150 mm, which is the same 
distance as the section extracted from the DIC results. Some of the DIC results along 
the section are missing due to the fact that the edges are not tracked in the DIC 
cameras during the impact, consequently, the DIC curves are appearing to be 
incomplete and relatively shorter than the one from the FE simulation. 
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6.3.2. Fracture mechanism analysis 
As stated, fractures initiates in the laminated glass under rubber impact when the 
speed reaches 145 ms-1 or above. According to Table 6-1, the momentum of the 
rubber projectile is around 4 kgms-1 at the speed of 146 ms-1. However, a gelatine 
projectile carrying the same momentum at the speed of 154 ms-1 does not lead to 
fracture on the surface of the laminated glass window. In addition, the target’s 
compliance (shown as out of plane displacement and major strain) is calculated to be 
roughly the same for both projectiles at the same momentum. Hence, the reason why 
the fracture occurs during the rubber impact but not with the gelatine impact at the 
same momentum and compliance, is discussed below. Another parameter, which is 
generated from the impact, the contact pressure will be investigated and comparisons 
will be made for both the gelatine and rubber impact tests. 
As explained by Wilbeck et al. (Wilbeck 1978), as soon as the projectile comes into 
contact with the front surface of the target, a shock wave is generated that then 
propagates along the projectile. The high intensity pressure behind the shock wave in 
the projectile is called the “Hugoniot pressure”, PH, and depends on the initial density 
(ρ0) and velocity of the projectile (V0) as well as the shock wave speed in the projectile 
material (Vs) according to the following relationship: 
𝑃𝐻 = 𝜌0𝑉0𝑉𝑠                                       Equation 6-2 
Since both rubber and gelatine projectiles used the Mie-Grüneisen Equation of State 
approach with the assumption of a linear relationship between the velocity of the 
projectile 𝑉0 and the shock wave speed in the projectile (𝑉𝑠) (shown in Chapter 2), the 
shock wave speed relationship to the particle/projectile speed is: 
𝑉𝑠 = 𝑐 + 𝑠𝑉0                                       Equation 6-3 
where c is the sound speed in the projectile itself and s is a material constant.  
The material properties used for rubber and gelatine projectiles in the finite element 
simulation are shown in Table 6-6. 
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In Table 6-6, EoS and density of both projectiles can then be substituted into Equation 
6-2, which then become  
𝑃𝐻 = 0.002𝑉0
2 + 1.47𝑉0              Equation 6-4 
𝑃𝐻 = 0.004𝑉0
2 + 2.04𝑉0                                  Equation 6-5 
for the gelatine and RTV rubber respectively. 
The FE models employed to compute the out of plane displacement were used to 
determine the contact pressure. The contact pressure is computed using an average, 
which is obtained by taking 16 nodes around the central area. This corresponds to a 
circular area of 50 mm2, which is close to the area of the pressure sensor tip at 
Wilbeck’s work (Barber and Wilbeck 1978). The maximum contact pressure values for 
each impact are detailed in the table below. 
Table 6-7: Hugoniot contact pressure from FE models of rubber and gelatine impacts 
Gelatine Rubber 
Speed 
ms-1 
Contact pressure 
MPa 
Speed 
ms-1 
Contact pressure 
MPa 
106 180 118 290 
128 280 131 330 
145 300 146 380 
154 330 157 385 
  168 400 
The maximum contact pressure values obtained in Table 6-7 were extracted at the 
time of approximately 5 µs (detailed work can be found in Appendix C). By using the 
same FE model for the impact compliance analysis, the contact pressure obtained 
from both rubber and gelatine impacts can be plotted using the numerical simulation 
values in Table 6-7. In addition, the two theoretical Hugoniot equations listed as 
Equations 6-4 and 6-5, can also be plotted on the same graph, as shown in Figure 
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6-17. Hence, a comparison can be made to verify whether the contact pressure 
obtained from the FE simulation is close to the theoretical relationship. 
 
Figure 6-17: Hugoniot pressure from simulation comparing to theoretical derived pressure 
In Figure 6-17, a clear difference is observed between the contact pressure from the 
rubber and gelatine impact in both numerical and theoretical values. The contact 
pressure generated from the rubber impact is much greater than that from the gelatine. 
More importantly, there is a slight difference between the theoretical value and the 
numerical data. However, the contact pressure obtained from the simulation roughly 
lies on the trend line which is derived from the theoretical analysis. The contact 
pressure values obtained from the numerical simulation only cover a limited range of 
speed values as we are only interested in the speed range which is close to the aircraft 
taking-off or landing velocities. In addition, the two theoretical curves in above figure 
are also based on a few assumptions. The theoretical curves are specifically derived 
from the one-dimensional, elastic impact (Barber and Wilbeck 1978) theory and both 
subjects are considered to be isentropic and homogeneous, which was described by 
Wilbeck’s rigid impact work in the early 1970s (Barber and Wilbeck 1978). 
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6.4. Conclusions 
The mechanical behaviour of laminated glass windows, such as the deformation and 
the onset of the fracture mechanism, were investigated experimentally and numerically 
under high velocity soft impacts. Gas gun impact tests were performed using silicon 
RTV rubber and ballistic gelatine projectiles at a velocity range of 110–170 ms−1. A 
high-speed 3D digital image correlation technique was employed to monitor and 
evaluate the impact performance. Also a strain gauge was attached to the back 
surface of the target so that the DIC results could be validated and used in the 
comparison with finite element simulations. 
The FE simulation was performed in ABAQUS/explicit using a Smoothed Particle 
Hydrodynamics (SPH) approach. The simulations were validated with the 
experimental results and a good agreement was obtained in terms of both central and 
sectional out of plane displacements. In addition, a numerical simulation was also 
performed to compute the contact pressure generated from both rubber and gelatine 
impacts against the laminated glass window. Hence, the numerical contact pressure 
obtained can be used to compare with the theoretical contact pressure. Subsequently, 
a good agreement between the theoretical and the numerical contact pressure is 
reached. 
A series of conclusions can be drawn: both the out of plane displacement and major 
principal strain obtained from the rubber and gelatine impacts against the laminated 
glass window are different 2.96% and 9.81% respectively (gelatine values are lower) 
under the same momentum of 3.3 kgms-1. However, the contact pressure obtained 
from the rubber impact is higher than that from the gelatine impact due to the fact that 
the shock wave generated from the rubber impact is greater than that from the gelatine 
impact. Moreover, unlike the central out-of-plane displacement, the maximum major 
principal strain in the centre of the rear glass layer occurs early in the impact, which 
can be observed in Figures 6-2, 6-13 and 6-14, as a result of highly localised 
deformation at the early stage of the high speed impact.  
In order to improve the finite element model and explain the effects of the shock wave 
on the fracture mechanism, experiments for measuring the contact pressure need to 
be conducted. Subsequently, a verified finite element model of the high speed soft 
impact against the laminated glass window is developed through comparing with 
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experimental data. Though the contact pressure has not been measured. The model 
can subsequently be used in more realistic problems, like a real bird strike against an 
aircraft windshield. 
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Chapter 7. Conclusions 
 
 
As described in Section 1.2, the main objective of this PhD thesis is to investigate the 
impact loading resulting from the bird strike on aircraft materials, specifically the 
windshield and AA2024-T3 sheet. In order to achieve this goal, the thesis was broken 
down to a list of tasks, as highlighted below. 
I. Bird substitute material (soft materials) selection 
II. Quasi-static compression test of soft materials 
III. Intermediate rate compression test of soft materials 
IV. Impact performance of compliant target using soft materials at high velocity 
V. Impact performance of laminated glass using soft materials at high velocity 
These tasks were addressed through the work described in Chapters 3 – 6 and the 
conclusions drawn are summarized in the following sections. 
 
7.1. Quasi-static compression test of soft materials 
This section is to conclude the work done for the compression tests at quasi-static 
strain rates ranging from 0.25 to 25 min-1 conducted on the ballistic gelatine (both 5% 
and 10%) and 10 shore RTV rubber. It is found that the initial deformation property 
(initial stiffness) is independent of the strain rate for both the ballistic gelatine and RTV 
rubber. However, the fracture properties are rate dependent for the ballistic gelatine 
while as the true strain increases beyond 0.6, the true stress increases with the strain 
rate for the RTV rubber. Meanwhile, increasing the gelatine concentration will raise 
both the stiffness of the samples and fracture stress. 
Numerical curve fitting showed that the hyperelastic constitutive model (Ogden, 
Mooney-Rivlin and Neo-Hookean) provides a relatively good fit to the low rate 
compression data of both ballistic gelatine (5% and 10%) and 10 shore RTV rubber. 
In addition, the Ogden and Mooney-Rivlin material models give better overall fit than 
the Neo-Hookean model for both the gelatine with 5% and 10% concentration as well 
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as the 10 shore RTV rubber. The deformation at various strain rates is predominantly 
non-viscoelastic and therefore strongly rate-independent. 
 
7.2. Intermediate rate compression test of soft materials 
In Chapter 4, compression tests at intermediate strain rates ranging from 46 to 550 s-
1 have been conducted using the VHS Instron on ballistic gelatine (both 5% and 10%) 
and RTV rubber (10 shore, 40 shore, 60 shore and 60C shore). If tests were conducted 
at the maximum speed of the VHS machine (15 ms-1), strain rates of 1000 s-1 would 
have been achieved. It is found that the initial deformation property (initial stiffness) is 
independent of the strain rate. However, as true strain increases beyond 0.5, the 
stress increases with the strain rate. Meanwhile, increasing the gelatine concentration 
or rubber shore hardness will raise both the stiffness of the samples. 
Numerical curve fitting showed that the hyperelastic constitutive model (Ogden and 
Mooney-Rivlin) together with the Prony series provides a relatively good fit to the VHS 
data of both ballistic gelatine (5% and 10%) and RTV rubber (10 shore, 40 shore, 60 
shore and 60C shore). The deformation at various strain rates is predominantly 
viscoelastic and therefore strongly rate-dependent. The Mooney-Rivlin and Ogden 
hyperelastic models combined with the Prony series were effective in modelling the 
strain-dependent behaviour. 
A finite element simulation was performed to investigate the deformation of rubber and 
gelatine samples during the VHS compression test. An example of the rubber 
compression at 1 ms-1 was given and showed the compression wave propagation in 
the RTV rubber as well as the vertical velocity along the central axis. The wave 
travelling speed in the rubber (75 ms-1) is much faster than the platen compression 
speed and the wave has therefore travelled up and down sufficient times (37 times) to 
settle down in the sample. Thus, the VHS test results for rubber are valid. In contrast, 
the wave speed in the gelatine is much lower (4.5 ms-1, the same magnitude as the 
loading platen) than that in the rubber. Hence, the wave speed in the gelatine is not 
fast enough for the sample to stabilse (the stress wave has travalled up and down in 
the sample for six times) during the VHS test. 
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Further improvements can be achieved by employing a high-speed camera, which 
could record the deformation of the samples during high-rate compression tests. Using 
a high-speed camera to determine the point of fracture would be far more accurate 
and efficient. In addition, the results from the high speed camera can be compared 
with the simulation data in both qualitative and quantitative ways. This will allow the 
fracture stress and shown to be determined. Furthermore, the VHS rig can be modified 
to give better test results, especially for the ballistic gelatine, either increasing the size 
of the compression platen to at least 53 mm, or reducing the diameter of the gelatine 
sample to 18 mm or below. All these possible modifications will be described further 
in Chapter 8. 
 
7.3. Impact performance of the compliant target using soft materials at 
high velocity 
The 3D Digital Image Correlation (DIC) technique, which is capable of measuring the 
target compliance in a highly dynamic environment, was used in the gas gun 
experiments in Chapter 5. Additionally, high speed images of the target deformation 
were captured, which can be compared to the images generated from the FE model 
at the same frame rate. Hence, results obtained from the FE simulation could be 
verified both quantitatively and qualitatively. 
Three finite element simulation methods were adopted in modelling the gas gun 
experiments and relevant material constitutive models were applied to the rubber and 
gelatine projectiles, as well as the aluminium target material (AA 2024-T3). The 
Eulerian method, is mainly used for the fluid-solid interaction case and is not 
compatible with the Mooney-Rivlin. Thus, the Lagrangian and SPH methods are used 
for the rubber impact. Since large element distortion takes place when using the 
Lagrangian method to perform gelatine impact, the Eulerian and SPH approaches are 
both selected for simulating the gelatine impact. Hence, SPH is adopted to conduct 
both the rubber and gelatine impacts simulation. The simulation results from all three 
FE methods are used to compare the experiments in order to determine the optimal 
approach to simulate rubber and gelatine impact. 
In detail, for the rubber impact, the results from the Lagrangian and SPH methods are 
close to the DIC results in terms of the central displacement profile, but the SPH 
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approach becomes slightly more accurate in that it agrees more closely with the DIC 
results in terms of the peak value and qualitative impact images (colour contour 
images). For the gelatine impact, Lagrangian and SPH approaches show good 
correlation with the DIC results and the Eulerian approach has a better match with the 
experimental outcomes for the peak displacement value and colour contour images. 
The displacement profiles from the simulations for both projectiles are lower than those 
in experiments, which indicates that the compliance from the gas gun experimental 
test is higher than the one from the simulation. This could be explained that the 
aluminium sheet is not perfectly fixed during the impact, which causes additional 
deformation at the bolt attachments. Moreover, the Johnson-Cook material model 
might not be the optimal material model for the AA 2024-T3. Thus, some 
characterization tests need to be conducted to obtain a more accurate material model 
for this target. 
The aluminium target was adopted in this investigation due to its large compliance 
during the impact so that it is easier to detect the target deflection during impact. 
Subsequently, a compliance study of the laminated window was carried out. 
 
7.4. Impact performance of the laminated glass using soft materials at 
high velocity 
In Chapter 6, the mechanical behaviour of laminated glass windows, i.e. the 
compliance and the onset of fracture mechanism, were investigated experimentally 
and numerically under high velocity soft impact. Gas gun impact tests were performed 
using silicon RTV rubber and ballistic gelatine projectiles at a velocity range of 110–
170 ms−1. A high-speed 3D digital image correlation technique was employed to 
monitor and evaluate the impact performance. Also a strain gauge was attached to the 
back surface of the target alongside so that the DIC results could be validated and 
used in the comparison with the finite element simulation. 
The FE simulation was performed in ABAQUS/EXPLICIT using the Smoothed Particle 
Hydrodynamics (SPH) approach. The simulations were validated with the 
experimental results and a good agreement was obtained in terms of both central and 
sectional out of plane displacements. In addition, a numerical simulation was also 
performed to compute the contact pressure generated from both rubber and gelatine 
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impacts against the laminated glass window. Hence, the numerical contact pressure 
obtained was used to compare with theoretical and calculated contact pressure. 
Subsequently, a good agreement between the theoretical and the numerical contact 
pressure was observed. 
A few critical conclusions can be reached: both the out of plane displacement and 
major principal strain obtained from the rubber and gelatine impacts against the 
laminated glass window are roughly equal under the same projectile speed and 
momentum. However, the contact pressure obtained from the rubber impact is higher 
than that from the gelatine impact due to the fact that the shock wave generated from 
the rubber impact is greater than that from the gelatine impact. Moreover, unlike the 
central out-of-plane displacement, the maximum major principal strain in the centre of 
the rear glass layer occurs early in the impact as a result of highly localised 
deformation at the early stage of the high speed impact. 
In order to improve the finite element model and explain the effects of the shock wave 
on the fracture mechanism, an experimental test for measuring the contact pressure 
needs to be conducted. Subsequently, a verified finite element model of the high 
speed soft impact against the laminated glass window should be developed through 
comparing with experimental data. The model can subsequently be used in a more 
realistic problems, like a real bird strike against an aircraft windshield. 
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Chapter 8. Further work 
 
 
The recommendations for future work are summarized below. 
 
8.1. Quasi-static compressive test of soft materials  
As shown in Chapter 3, a limited number of compression tests were conducted for the 
10 shore RTV rubber. Therefore, quasi-static compression tests at various strain rates 
are required. 
In addition, some modifications are required regarding the experimental set-up on the 
Instron machine. The current combination of the steel platen and PTFE plate does not 
provide a rigid rig (double tape was applied to stick to bond these), thus, a new PTFE 
platen like the one used on the Zwick machine is required for low rate tests of the RTV 
rubber in the future. 
Apart from the compression test, some other tests, i.e. the indentation test, can also 
be applied to investigate the deformation and fracture properties of the ballistic 
gelatine and RTV rubber. Some preliminary indentation tests were performed at low 
strain rates at 10 mm/min, 100 mm/min and 1000 mm/min, which are not included in 
the main chapter, but in Appendix A. In terms of the future work, an improved test rig 
of the indentation test needs to be developed and tests at higher rates ought to be 
conducted for material characterization in the dynamic range. 
 
8.2. Intermediate rate compression test of soft materials 
A high speed camera would aid deformation measurements for test as mentioned in 
Chapter 4. The benefit of having a high speed camera includes the visualization of 
the wave propagation inside the sample, which allows to record the number of cycles 
that wave travels up and down to reach equilibrium. Additionally, the images recorded 
by the high speed camera can be compared with the numerically predicted 
171 
 
deformations. Due to the limited view in the test set-up, it would be difficult to place a 
high speed camera close to the sample holder. Hence, prisms are suggested, which 
may be placed next to the test rig and direct the sample images to the high speed 
camera. The suggested set-up of the prism and high speed camera is shown in Figure 
8-1. 
 
Figure 8-1: The set-up of the prisms and the high speed camera 
The above set-up is recommended for future VHS tests. 
As the compressive wave in the ballistic gelatine sample is unable to complete the 
necessary number of cycles for the sample to reach equilibrium, the size of the gelatine 
sample needs to be changed. A shorter sample is recommended as the wave will have 
a shorter distance to travel inside the gelatine sample. 
Moreover, a larger compression platen is required in order to ensure that gelatine 
sample stays in contact with the platens 
 
 
Prism 
Prism High speed camera 
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8.3. Rigid target impact of soft materials at high-velocity  
Apart from compliance measurements, the contact pressure is another crucial 
parameter in the gas gun tests which needs to be obtained. In order to measure the 
contact pressure during the impact, a pressure sensor is required and the target has 
to be made as rigid as possible, otherwise, the contact pressure will be compensated 
by the presence of the impact compliance. A pressure sensor is a piezoelectric device 
that experiences a mechanical stress and subsequently induces an electric signal, 
which is then converted into the pressure. The pressure sensor in electronic circuits is 
in the form of an integrated circuit that acts as a transducer, such that it replicates (in 
the form of an electrical signal) the signal it receives as a function of imposed contact 
pressure. 
In most of the literature related to bird strike, the impact process from the instance, at 
which the projectile initially hits the target till the process is over, has been divided into 
three stages, as shown in Figure 8-2. 
 
Figure 8-2: Contact pressure profile during the rigid target impact 
Figure 8-2 was obtained by simulating the rubber impact using the Lagrangian 
approach (using Mooney-Rivlin material constitutive model for the rubber) onto a rigid 
target. There are three stages shown: 1) the initial Hugoniot peak pressure, which is 
created by a shock wave, and occurs instantaneously when the rubber projectile 
strikes onto the rigid target, 2) after roughly 5 µs, the shock wave starts to propagate 
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towards the opposite direction of the impact and the pressure decreases substantially, 
and 3) the shock wave ends and release wave occurs such that the contact pressure 
remains steady.  
 
Figure 8-3: Pressure sensor set up in the gas gun test configuration 
A pressure sensor was purchased from Kulite.Ltd (HKS-375M), which has a pressure 
measurement range up to 30,000 psi. In order to ensure there is negligible target 
compliance during the impact, the sensor was installed into a 25 mm thickness steel 
plate. Besides, a triple-column support was designed for this rigid impact to eliminate 
the deformation of the target support during the impact. The pressure sensor 
installation set-up is shown in Figures 8-3 and 8-4. 
Rigid target 
Contact pressure by 
gelatine impact 
IR sensors to 
measure velocity 
Target chamber 
Oscilloscope to 
record velocity 
Charge amplifier 
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Figure 8-4: Rigid target installed with pressure sensor in the gas gun clamping support 
Since the pressure sensor is designed to measure pressure from liquid jets, the impact 
test using rubber projectile could not be measured using this pressure sensor. 
Moreover, a signal amplifier was employed and installed between the sensor and the 
oscilloscope, as shown in Figure 8-3. The signal generated from the sensor was too 
weak and the oscilloscope is not able to read it, and that is why an amplifier was 
necessary. 
Apart from a pressure sensor, a piezoelectric polyvinyldine fluoride sensor (PVDF), or 
shock gauge, may be used to measure the contact pressure. Such a gauge is shown 
in Figure 8-5. Bauer et al (Bourne 2005) has demonstrated the behaviour of 
polyvinylidine fluoride, led to recognition of the need for such highly reproducible 
properties for PVDF. 
 
Figure 8-5: Schematic diagram for PVDF (the unit is in mm) 
The active area of the shock gauge is shown in Figure 8-5. It is located at the left side 
of the sensor, where the impact takes place. Since the sensor is merely 25µm 
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thickness and is attached onto the target’s front surface, it will not be affected by the 
type of the projectile, whether it is liquid or solid so long as the sensor is not damaged 
during the impact. Thus, the rubber impact can be conducted using the PVDF to 
measure the contact pressure of either a thick steel plate or the aluminium sheet 
(compliant target). Therefore, the back displacement and contact pressure 
measurements can take place simultaneously for the aluminium target since the PVDF 
thin gauge can be deformed together with the thin aluminium target. 
 
8.4. Bird strike finite element simulations 
The finite element models presented in Chapters 5 and 6 were verified by the DIC 
results for the central and the sectional displacements. Since all the work prestened 
in this study was based on the single “bird” strike, it is inappropriate to apply the 
conclusions from a single “bird” strike investigation to a possible multiple “bird” strikes, 
which is the real scenario for most of the bird strike occurrences. Hence, multiple bird 
strike needs to be studied to investigate any differences from the single strike. The 
gas gun needs to be modified to fit to the multiple projectile impacts. 
Since there are inner organs, i.e. the lungs, and bones in the real bird, containing air, 
which has much lower density than the flesh, it is of great importance to take the 
porosity into consideration when making the ballistic gelatine or RTV rubber samples. 
The introduction of the porosity into gelatine was described in Chapter 2. It is critical 
to evaluate the effect of the porosity on the impact compliance and contact pressure. 
Finally, it is recommended that a real bird simulation is created using CT scans of a 
real bird. This can then be compared with corresponding experimental data that are 
already available (Hedayati and Sadighi 2015). 
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Appendices 
 
 
Appendix A: Low strain rate compression tests on ballistic gelatine 
In Chapter 3, quasi-static compression tests are described on the ballistic gelatine 
samples at the rates of 0.25, 2.5 and 25 min-1. However, the load capacity of the Zwick 
machine can withstand up to 1 kN, which gives rise to a maximum strain rate of 100 
min-1. Thus, the compression tests at higher strain rates were also conducted to 
investigate the material response at various strain rates above 25 min-1. And the 
compressive response of the 5% and 10% ballistic gelatine is shown in Figure A1. 
 
Figure A1: Compression response of the 5% and 10% ballistic gelatine at strain rates of 50 and 
75 min-1 
There are two strain rates used for the compression test on the 5% and 10% ballistic 
gelatine in Figure A1. A conclusion that the initial gradient of each curve on the above 
figure remains unchanged in both the 5% and 10% ballistic gelatine regardless of the 
change in the strain rate is drawn. However, there is barely a difference among the 
true fracture stresses at 25 min-1, 50 min-1 and 75 min-1. 
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Appendix B: Puncture test on ballistic gelatine 
Apart from the compression test, other tests, such as the indentation test, can also be 
applied to investigate the deformation and fracture properties of soft materials. In this 
Appendix, only preliminary indentation tests were performed on the 10% ballistic 
gelatine samples at constant speeds of 10, 100, and 1000 mm/min. This work was co-
worked with Seira Aoto (Seira 2016) and the experimental set-up is shown in Figure 
B1. 
 
Figure B1: Indentation test setup using the Zwick machine 
The Zwick machine set-up with a 10 N load cell was used due to the small loads 
involved. A 3 mm diameter steel rod with a flat end was used as the indenter. The rod 
is securely attached to the tensile grip and ensured to be perpendicular by the use of 
a spirit gauge. The gelatine samples are placed on a flat PTFE plate which is taped to 
the Zwick machine. Paraffin lubricant was added to the plate beneath the gelatine 
sample and on the indenter to reduce friction effects. The indenter was positioned just 
above the top surface of the sample using the manual controls of the machine and 
then the indenter is driven downwards at the desired speed. The deformation is 
stopped before the tip of the indenter impacts the PTFE plate. 
Crosshead 
10 N load cell 
Tensile grip 
Steel indenter 
Gelatine sample 
PTFE plate 
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A preliminary indentation test based on the set-up shown in Figure B1 was carried 
out. Though the test set-up was considered to be rudimentary or even a bit crude, it 
was found to be a satisfactory set-up for indentation tests. However, a proper spirit 
gauge or other relevant set-ups requires to be manufactured for future tests. 
Photographs and videos were taken to observe and record the deformation pattern of 
the samples. Figure B2 shows the deformation response of the gelatine sample. 
 
 
Figure B2: Images of 10% ballistic gelatine under indentation at various points in time with 
dashed line to highlight surface deformation at the speed of 10 mm min-1 
Initially the top surface of the sample was pressed downwards by the indenter. It is 
clear from Figure B2 (b) (c) that there is significant concave deformation at the 
surface. Additionally, the diameter of the top surface seems to have deformed inwards 
towards the indenter due to the deformation of the surface. As the displacement 
increased the indenter penetrated the surface and continued to travel through the 
sample. Once the top surface had been penetrated, the surface sprung back to its 
original shape.  
 
Figure B3: 10% gelatine samples before indentation 
(a)  𝜀 = 0 (b)  𝜀 = 0.1 (c)  𝜀 = 0.2 (d)  𝜀 = 0.3 
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Figure B4: Samples after the deformation with arrows highlighting deformation regions 
Figure B3 and Figure B4 show the ballistic gelatine sample before and after the 
indentation test: The hole at the top surface is not smooth in Figure B4. There are 
also internal cracks in the region where the indenter had travelled as highlighted by 
the arrows. These jagged cracks are at an angle about 45° to the line of deformation. 
This deformation pattern was observed with a majority of the indentation tests. To 
highlight the deformation pattern, two samples which showed particularly prominent 
patterns are shown in Figure B5 below. 
 
Figure B5: Deformation pattern of selected samples 
The force-displacement response of 10% ballistic gelatine samples undergoing 
deformation by a 3 mm flat-end indenter at speeds of 10, 100 and 1000 mm/min is 
shown in Figure B6. 
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Figure B6: Response of force and displacement from the indentation tests of 10% ballistic 
gelatine at strain rates of 0.25, 2.5 and 25 min-1 (Seira 2016) 
The initial slope of all the curves are smooth with the force increasing steadily until a 
peak is reached. Beyond this peak, the load at first drops but then begins to increase 
again until another peak is reached, with the trend repeated with increasing 
displacement. Also significant small oscillations in load at lower speeds are observed 
while the overall curve is smoother at higher speeds. 
Several similarities between indentation and compression tests are found. The first 
peak load is higher with increasing speed. This behaviour is similar to the compression 
tests where higher fracture stresses were found with higher strain rates. The 
displacement where the first peak is observed is also higher with increasing 
deformation rate. Again, this is comparable to the compression tests where higher 
strain rates led to higher fracture strains. Finally the initial gradient is similar for 10 and 
100 mm/min while the initial slopes in compression tests were found to be comparable 
regardless of the strain rate. 
The force-displacement characteristic found during this experiment is explained by 
hypothesising that the same deformation mechanism as the silicone rubber in a similar 
indentation experiment operates. Shergold et al., (Shergold et al 2006) studied the 
penetration of the silicone rubber with flat-end cylindrical indenter and obtained the 
force-displacement characteristic in Figure B7. 
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Figure B7: Force-displacement of silicone rubbers deformed by a flat-end indenter (Shergold 
et al 2006) 
It is apparent that the shape of the curve is similar to ballistic gelatine with an initially 
smooth curve. There is a similar drop in load once the peak is reached with oscillation 
in load with further deformation. Shergold and Fleck attributed the initial curve to the 
deformation of the sample surface under the advancing tip. A critical load is then 
reached when the sample surface is penetrated by the initiation of a planar crack. As 
shown in Figure B8 from their investigation, further deformation involves the formation 
of in-plane ring crack ahead of the indenter tip with the oscillations in load due to the 
fast propagation of these cracks. Thus it is likely that the internal cracks found in the 
samples after the tests are caused by the propagation of these cracks. 
 
Figure B8: Illustration of deformation by the indentation (Shergold et al 2006) 
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Appendix C: Contact pressure analysis from rigid target impact 
In Chapter 5, an aluminium sheet with 1 mm thickness was used for the compliant 
target impact study. Despite the fact that the laminate glass used in Chapter 6 is much 
thicker than the aluminium sheet and the impact compliance is a great deal lower, it is 
unlikely that those impacts are close to the rigid target impact regime. Hence, the rigid 
target experimental work was planned as described in Chapter 8. Additionally, the 
corresponding simulation of the rigid target impact using the gelatine projectile was 
performed and results are obtained in this section. It is critical to evaluate both the 
contact pressure and impact compliance in the bird strike investigation in order to 
understand the impact mechanism. It is imperative to use the rigid target to measure 
the contact pressure using the pressure sensor since there is no target compliances 
during the gas gun impact, which will not lead to damages to the sensor. 
  
Figure C1: Pressure profile at the centre of the impact from Wilbeck experimental test (Wilbeck 
1978) 
The impact pressure profile in Figure C1 was generated by using piezoelectric quartz 
pressure transducers manufactured by PCB Corporation. The locations of the four 
pressure transducers used by Wilbeck are shown In Figure C2. The grey circle 
represents the surface of the impact target, with one sensor sitting at the centre of the 
target plate and other three are located 1.27 cm, 2.54 cm and 3.81 cm away from the 
centre (Wilbeck 1978). 
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Figure C2: Locations of the piezoelectric pressure transducers 
 
The aggregate of four pressure transducers gives a wide contact area between the 
impactor and the target, which tends to generate a more accurate average contact 
pressure and more importantly, the pressure profile on the target away from the impact 
centre will be obtained. Due to the complexity of this experimental set-up, very limited 
number of researchers have actually performed a similar test.  
In Hedayati’s paper (Hedayati et al 2014), he used SPH approach to simulate the 
impact between the substitute bird model using gelatine projectile and the rigid target, 
a steel plate with 25 mm thickness. The results were validated by comparing with 
Wilbeck’s experimental data. Four different types of projectile configurations were 
investigated: flat-ended cylinder, hemi-spherical ended cylinder, ellipsoid and sphere. 
In the following section, a comparison between the simulation results by Hedayati 
paper and the self-designed FE model is made so that the accuracy of the current FE 
simulations is verified. 
In order to compare the FE results, the four projectile configurations mentioned above 
are investigated. The model parameters are summarised in Table C1. 
Table C1: Gelatine projectile configuration 
Velocity mass density Aspect ratio Diameter / length 
116 ms-1 30 g 950 kgm-3 
2 (length/dia) 
1 for sphere 
Varying dependence on the 
projectile geometry 
Based on the data in the table above, the diameter and length of the gelatine projectile 
from each configuration can be calculated by initially computing the projectile’s 
volume, which was kept constant. The four projectile nose shape configurations that 
Piezoelectric transducer  
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were investigated are shown in Table C2. 
Table C2: Four gelatine projectile configuration 
 
Hedayati used the SPH approach for all of his simulation work and this was also 
employed in the numerical work of the present study. In addition, two other FE 
methods, i.e. the Lagrangian and Eulerian, are also studied in order to simulate the 
same problem. Since the pressure transducer used in Wilbeck’s rigid target 
experiment has a certain contact area, the pressure output from the simulation needs 
to be computed based on that same contact area. By working out the frontal surface 
area of each pressure transducer, the average pressure value obtained from each 
pressure transducer can be attained by using Equation C1: 
                             𝑃𝑐 =
∑ 𝑃𝑐𝑖
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑜𝑑𝑒𝑠 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑒𝑛𝑠𝑜𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 
  
where 𝑃𝑐𝑖 is the contact pressure obtained from one node. 
By calculating all the nodal contact pressures in this focused area, the average will 
then be computed by dividing the total number of nodes in this area. Therefore, the 
pressure profile from each pressure transducer can be obtained. Moreover, the 
pressure profiles, which are generated at the area around the centre of the impact 
target, are performed based on four gelatine projectile configurations and three types 
of finite element approaches. 
As shown in Figures C3 - C6, contact pressure calculated at the central area of impact 
is compared for the Wilbeck experimental work which is represented by the black 
Equation C1 
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dotted curve and Hedayati’s simulation, also referred as literature simulation which is 
shown in the red colour. All of configurations are exhibiting a good match between the 
FE model and literature one, from Hedayati, apart from the hemi-spherical nosed 
shape, from which the maximum contact pressure of literature simulation model is 
almost half of the FE model. Moreover, the value generated from my model tend to 
wobble in the steady state region compared with the rather smooth curve from the 
literature, but the average value should be the close to each other. 
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Figure C3: Comparison of contact pressure profiles from the ellipsoid projectile with 
Hedayati’s simulation and Wilbeck’s experiment, using three FE methods 
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Figure C4: Comparison of contact pressure profiles from the sphere projectile with Hedayati’s 
simulation and Wilbeck’s experiment, using three FE methods 
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Figure C5: Comparison of contact pressure profiles from the flat-ended cylinder projectile with 
Hedayati’s simulation and Wilbeck’s experiment, using three FE methods 
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Figure C6: Comparison of contact pressure profiles from the hemispherical cylinder projectile 
with Hedayati’s simulation and Wilbeck’s experiment, using three FE methods 
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Spreading of the gelatine projectile as it impacts onto the rigid target is less significant 
in the Eulerian and SPH approaches than that in the Lagrangian method, which can 
be observed in Figrues C3 – C6. Due to the presence of high element distortion in the 
Lagrangian method, which makes elemmnts extended significnatly, the pressure 
profiles generated from this FE approach is less stable and dispalying significnat 
fluctuations. Thus, the Eulerian and SPH methods give better results in terms of the 
contact pressure profile. 
Tables C3 - C6 below illustrate the computational costs associated with the four 
projectile configurations using the three FE approaches.  
Table C3: Comparison among three FE simulations of the gelatine rigid target impact using the 
ellipsoid projectile 
Ellipsoid ODB file size Computation duration 
Lagrangian 457MB 35min (1 CPU) 
Eulerian 40GB 1hr15min (8 CPU) 
SPH 3GB 12min (8 CPU) 
 
Table C4: Comparison among three FE simulations of the gelatine rigid target impact using the 
sphere projectile 
Sphere ODB file size Computation duration 
Lagrangian 218MB 19min (1 CPU) 
Eulerian 26GB 49min (8 CPU) 
SPH 1.4GB 8min (8 CPU) 
 
Table C5: Comparison among three FE simulations of the gelatine rigid target impact using the 
flat-ended projectile 
Flat-ended ODB file size Computation duration 
Lagrangian 923MB 5min (4 CPU) 
Eulerian 40.5GB 1hr18min (8 CPU) 
SPH 7.2GB 15min (8 CPU) 
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Table C6: Comparison among three FE simulations of the gelatine rigid target impact using the 
hemi-spherical projectile 
Hemi-spherical ODB file size Computation duration 
Lagrangian 457MB 35min (1 CPU) 
Eulerian 38GB 1hr13min (8 CPU) 
SPH 5.4GB 22min (8 CPU) 
 
Despite the fact that the Lagrangian approach does not provide a good representation 
of the pressure profile, it requires the smallest amount of storage space and takes the 
shortest period to complete each job comparing to other two FE methods. Additionally, 
the ODB file generated from the Eulerian model has the biggest size and the simulation 
needs the longest to run. All in all, the SPH approach is concluded to be the optimal 
method among these three, in terms of the ODB size and computational cost. 
Furthermore, Figures C7, C8 and C9 are presented to show the detailed comparisons 
with the Wilbeck experiment and Hedayati simulation, using Lagrangian, Eulerian and 
SPH method respectively. In addition, the four projectile shapes are compared with 
each other regarding the contact pressure profile. 
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Figure C7: Comparison of the Hugoniot and stagnation pressure from the gelatine impact for 
four projectile shapes (a) flat-ended cylinder; (b) ellipsoid; (c) sphere; (d) hemispherical-ended 
cylinder; (e) summary, and comparison of the gelatine impact between the literature simulation 
model (red column) and my FE model, using the Lagrangian approach 
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Figure C8: Comparison of the Hugoniot and stagnation pressure from the gelatine impact for 
four projectile shapes (a) flat-ended cylinder; (b) ellipsoid; (c) sphere; (d) hemispherical-ended 
cylinder; (e) summary, and comparison of the gelatine impact between the literature simulation 
model (red column) and my FE model, using the Eulerian FE method 
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Figure C9: Comparison of the Hugoniot and stagnation pressure from the gelatine impact for 
four projectile shapes (a) flat-ended cylinder; (b) ellipsoid; (c) sphere; (d) hemispherical-ended 
cylinder; (e) summary, and comparison of the gelatine impact between the literature simulation 
model (red column) and my FE model, using the SPH FE method 
In Figure C7, the overall pressure profiles generated from the current Lagrangian 
model are compared with the results from Hedayati. The Hugoniot pressure shows a 
reasonable agreement, but the steady state pressure is far apart, which is possibly 
due to the high element distortion in the Lagrangian. 
The pressure profiles generated from the current SPH model are close to those from 
the simulation model from Hedayati. In Figure C8, the steady state pressure from both 
Hedayati and the current Eulerian model display similar values for contact pressures, 
with only the flat-ended cylinder showing a substantial difference regarding the steady 
state pressure. Apart from that, there are no big differences observed for the other 
three shapes. 
As shown in Figure C9, contact pressure profiles at the centre of the impact are 
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compared with that from the Wilbeck experiment and Hedayati’s simulations. All four 
projectile configurations are exhibiting a good agreement between the new SPH model 
and the literature simulation (Hedayati) for the contact pressure at the centre of the 
impact, excluding the hemi-spherical nosed shape, in which the maximum contact 
pressure from Hedayati is about half of that from the current SPH model. Moreover, 
contact pressure predicted from the current FE model oscillates in the steady state 
region compared with Hedayati’s rather smooth curve, but the average values are 
close to each other. 
In addition, the steady state pressure from Hedayati and the current SPH model are 
quite close to one another. Overall, the SPH data generated from the current 
simulation model are relatively close to the ones from Hedayati, though some 
differences are present. The work require to be further investigated. 
With the current finite element simulation models validated by comparing with the 
Wilbeck experimental work and Hedayati’s studies, they were then used to verify 
experiments, described in Chapters 5 and 6. 
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Appendix D: Gas gun extension design 
A gas gun extension was designed and made, specifically for the purpose of the 
gelatine impact. Because there is a liquid jet containing lubricants (used to clean the 
barrel) and projectile debris within the barrel during each impact test. In order to 
eliminate the jet, an extension was suggested. The material used for making the 
extension is EN24T steel, which is normally applied for components such as gears, 
shafts and bolts due to its improved wear resistance by surface-hardening treatment. 
The raw material was purchased from Steel Express UK and then CNC manufactured. 
Its 3D model was created using SolidWorks and shown in Figure D1. 
 
Figure D1: Exploded view of the gas gun extension 
The whole gas gun extension assembly contains three key parts: vent extension, collet 
and sabot stopper. Its exploded view is displayed in Figure D1, in which the gas gun 
barrel is also included. The slots created on the vent extension and the holes made 
on the collet provide ventilation. Hence, the jet generated from the projectile within the 
barrel will run through the vent slots and holes. 
The entire vent system is aiming for rigid target impact since the sabot stopper is used 
so that the stopper could separate the sabot and gelatine projectiles. The separation 
process is illustrated in Figure D2, The gelatine projectile is initially contained within 
the HDPE sabot before reaching the sabot stopper that prevents the sabot from 
moving forward while allowing the gelatine to pass through its bore hole. The quality 
of this separation (the integrity of the gelatine) heavily depends on the sabot design 
Gas gun barrel Vent extension Collet Sabot stopper 
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and how accurately the sabot and sabot stopper are manufactured. The final design 
of the sabot and sabot stopper was determined after a series of trial and error (iterative 
design) experiments. 
 
Figure D2: Separation of gelatine projectile with sabot by using the sabot stopper 
The high speed camera was employed to image the quality of gelatine projectile 
coming out of the barrel after passing through the sabot stopper. A series of images 
was extracted from the high speed camera as shown in Figure D3. It is observed that 
the gelatine bullet maintains a perfect shape and this demonstrates the designed 
separation is successful. 
 
Figure D3: Images of the gelatine projectile out of the barrel taken from the high speed camera 
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Appendix E: Finite element model of gas gun test 
The finite element models used in aluminium impact and laminated glass impact in 
Chapter 5 and Chapter 6 are shown in Figure E1 and Figure E2 respectively. 
 
Figure E1: Finite element model for aluminium impact using Lagrangian method 
 
 
Figure E2: Finite element model for laminated glass impact using Lagrangian method 
Projectile  
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Figures E1 and E2 are both using the Lagrangian method I the FE modelling. In 
addition, the SPH and Eulerian approaches are also introduced and shown in Figures 
E3 and E4 respectively.  
 
Figure E3: Rubber impact on laminated glass using SPH approach 
The particles presented in Figure E3 are generated by particle conversion in the 
ABAQUS/EXPLICIT mode. 
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Figure E4: Gelatine impact on aluminium target using Eulerian approach 
The input scripts of finite element model of the gelatine impact onto the laminated 
window is shown below. 
*Heading 
** Job name: Case3_gelatine_SPH_128ms Model name: Gelatine impact 
** Generated by: Abaqus/CAE 6.14-2 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=TPU 
*Node 
      1, -0.0500000007, -0.0299999993, 0.0030400001 
(node definition here, not listed for brevity) 
*Element, type=C3D8R 
   1, 1149, 1150, 1191, 1190,    1,    2,   43,   42 
(node definition here, not listed for brevity) 
*Elset, elset=Set-33, generate 
 35071,  39606,      1 
*Nset, nset=Set-34, generate 
     1,  75712,      1 
*Elset, elset=Set-34, generate 
     1,  63984,      1 
** Section: TPU 
*Solid Section, elset=Set-34, material=TPU2 
Eulerian box 
(Grey colour) 
Aluminium target 
(Green colour) 
Gelatine projectile 
(Orange colour) 
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, 
*End Part 
**   
*Part, name=bird 
*End Part 
**   
*Part, name=bot_glass 
*Node 
      1, -0.0500000007, -0.0299999993, 0.00400000019 
(node definition here, not listed for brevity) 
*Element, type=C3D8R 
   1, 1149, 1150, 1191, 1190,    1,    2,   43,   42 
(node definition here, not listed for brevity) 
*Element, type=C3D8R 
   1,  834,  828,  764,  197, 3279, 3273, 3209, 2642 
(element definition here, not listed for brevity) 
*Element, type=C3D8R 
   1, 1149, 1150, 1191, 1190,    1,    2,   43,   42 
(element definition here, not listed for brevity) 
*Nset, nset=_PickedSet16, internal, generate 
     1,  54080,      1 
*Elset, elset=_PickedSet16, internal, generate 
     1,  42656,      1 
** Section: glass 
*Solid Section, elset=_PickedSet16, material=Glass 
, 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name=top_glass-1, part=top_glass 
0.029999999319017,         0.05,           0. 
*End Instance 
**   
*Instance, name=TPU-1, part=TPU 
0.029999999319017,         0.05,       0.0022 
*End Instance 
**   
*Instance, name=bot_glass-1, part=bot_glass 
0.029999999319017,         0.05,      0.00524 
*End Instance 
**   
*Instance, name="rubber gasket-1", part="rubber gasket" 
        0.12,       0.0925,      0.00924 
*End Instance 
**   
*Instance, name="rubber gasket-2", part="rubber gasket" 
0.119999999319017,       0.0925,       -0.004 
*End Instance 
**   
*Instance, name=bird-1, part=bird 
          0.,           0.,       -0.103 
          0.,           0.,       -0.103,  2.16489027989415e-17, 0.707106811231781, 0.604106811231781,         180. 
*Node 
      1, 0.0121546239, 0.0500000007, 0.00291806716 
(node definition here, not listed for brevity) 
*Element, type=C3D8R 
1,   176,    94,    35,    34,   925,   843,   784,   783 
 
*Elset, elset=__PickedSurf32_S2, internal, instance=top_glass-1 
     1,     2,     3,     4,     5,     6,     7,     8,     9, 
(element definition here, not listed for brevity) 
*Elset, elset=__PickedSurf32_S4, internal, instance=top_glass-1, generate 
 30604,  31240,      4 
*Elset, elset=__PickedSurf32_S6, internal, instance=top_glass-1 
 17441, 17445, 17449, 17453, 17457, 17461, 17 
(element definition here, not listed for brevity) 
*Surface, type=ELEMENT, name=_PickedSurf32, internal 
__PickedSurf32_S1, S1 
__PickedSurf32_S2, S2 
__PickedSurf32_S4, S4 
__PickedSurf32_S6, S6 
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*Elset, elset=__PickedSurf50_S1, internal, instance=bot_glass-1 
  5401,  5402,  5403,  5404,  5405,  5406,  5407,  5408,  5409 
(element definition here, not listed for brevity) 
*Elset, elset=__PickedSurf50_S6, internal, instance=bot_glass-1, generate 
 56125,  57079,      6 
(element definition here, not listed for brevity) 
*Elset, elset=__PickedSurf50_S4, internal, instance=bot_glass-1 
 12966, 12972, 12978, 12984, 12990, 12996, 13002, 13008, 13 
*Elset, elset=__PickedSurf50_S2, internal, instance=bot_glass-1 
 26407, 26408, 26409, 26410, 26411, 26412, 26413, 26414, 26 
(element definition here, not listed for brevity) 
*Surface, type=ELEMENT, name=_PickedSurf50, internal 
__PickedSurf50_S1, S1 
__PickedSurf50_S6, S6 
__PickedSurf50_S4, S4 
__PickedSurf50_S2, S2 
*Elset, elset=__PickedSurf51_S1, internal, instance=TPU-1 
 25081, 25082, 25083, 25084, 25085, 25086, 25087, 25088, 25089 
(element definition here, not listed for brevity) 
*Elset, elset=__PickedSurf51_S2, internal, instance=TPU-1 
     1,     2,     3,     4,     5,     6,     7,     8,     9,   
(element definition here, not listed for brevity) 
*Elset, elset=__PickedSurf51_S4, internal, instance=TPU-1, generate 
 43986,  44940,      6 
*Elset, elset=__PickedSurf51_S6, internal, instance=TPU-1 
 39607, 39613, 39619, 39625, 39631, 39637, 39643, 39649, 39655, 39661, 39667 
(element definition here, not listed for brevity) 
*Surface, type=ELEMENT, name=_PickedSurf51, internal 
__PickedSurf51_S1, S1 
__PickedSurf51_S2, S2 
__PickedSurf51_S4, S4 
__PickedSurf51_S6, S6 
** Constraint: bom 
*Tie, name=bom, adjust=yes, type=SURFACE TO SURFACE 
_PickedSurf51, _PickedSurf50 
** Constraint: top 
*Tie, name=top, adjust=yes, type=SURFACE TO SURFACE 
_PickedSurf32, _PickedSurf31 
*End Assembly 
**  
** ELEMENT CONTROLS 
**  
*Section Controls, name=EC-1, ELEMENT CONVERSION=YES, CONVERSION CRITERION=TIME, KERNEL=CUBIC 
1., 1., 1. 
 
1, 0. 
**  
** MATERIALS 
**  
*Material, name=Glass 
*Density 
2440., 
*Elastic 
 7.17e+10, 0.21 
*Material, name=PVB 
*Density 
1100., 
*Elastic, moduli=INSTANTANEOUS 
 6.40816e+08, 0.485 
*Viscoelastic, time=PRONY 
    0.392624,     0.,  1e-06 
    0.192255,     0.,  1e-05 
    0.209576,     0., 0.0001 
    0.126214,     0.,  0.001 
    0.056943,     0.,   0.01 
   0.0153601,     0.,    0.1 
  0.00325366,     0.,     1. 
   0.0010354,     0.,    10. 
 0.000773076,     0.,   100. 
 0.000105803,     0.,  1000. 
 0.000296029,     0., 10000. 
  0.00053151,     0.,100000. 
*Material, name=SGP 
*Density 
950., 
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*Elastic, moduli=INSTANTANEOUS 
 8.22328e+08, 0.485 
*Viscoelastic, time=PRONY 
 0.0776697,     0.,  1e-06 
 0.0376492,     0.,  1e-05 
 0.0563157,     0., 0.0001 
 0.0650106,     0.,  0.001 
 0.0740945,     0.,   0.01 
 0.0931745,     0.,    0.1 
  0.118675,     0.,     1. 
  0.205514,     0.,    10. 
  0.181315,     0.,   100. 
 0.0536161,     0.,  1000. 
 0.0185692,     0., 10000. 
 0.0118055,     0.,100000. 
*Material, name=TPU2 
*Density 
1070., 
*Elastic, moduli=INSTANTANEOUS 
 2.83762e+08, 0.485 
*Viscoelastic, time=PRONY 
    0.420775,     0.,  1e-06 
    0.181137,     0.,  1e-05 
    0.192802,     0., 0.0001 
   0.0996961,     0.,  0.001 
   0.0475045,     0.,   0.01 
   0.0192837,     0.,    0.1 
  0.00903221,     0.,     1. 
  0.00414079,     0.,    10. 
  0.00307476,     0.,   100. 
  0.00230897,     0.,  1000. 
   0.0037179,     0., 10000. 
 4.45796e-05,     0.,100000. 
*Material, name=gelatine 
*Density 
968., 
*Eos, type=USUP 
1480., 1.92,   0. 
*Material, name="rubber gasket" 
*Density 
1060., 
*Hyperelastic, mooney-rivlin 
690000.,173000.,     0. 
*Material, name="rubber projectile2" 
*Density 
1090., 
*Eos, type=USUP 
1869., 0.5072,     0. 
**  
** INTERACTION PROPERTIES 
**  
*Surface Interaction, name=IntProp-1 
*Friction 
0., 
*Surface Interaction, name=IntProp-2 
*Friction 
0., 
*Surface Behavior, pressure-overclosure=HARD 
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
Set-42, ZSYMM 
**  
** PREDEFINED FIELDS 
**  
** Name: Predefined Field-1   Type: Velocity 
*Initial Conditions, type=VELOCITY 
Set-7, 1, 0. 
Set-7, 2, 0. 
Set-7, 3, 106. 
**  
** INTERACTIONS 
**  
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** Interaction: Int-1 
*Contact, op=NEW 
*Contact Inclusions, ALL EXTERIOR 
*Contact Property Assignment 
 ,  , IntProp-2 
** ---------------------------------------------------------------- 
**  
** STEP: Step-1 
**  
*Step, name=Step-1, nlgeom=YES 
*Dynamic, Explicit 
, 5e-05 
*Bulk Viscosity 
0.06, 1.2 
**  
** INTERACTIONS 
**  
** Interaction: bot_rubber 
*Contact Pair, interaction=IntProp-1, mechanical constraint=KINEMATIC, cpset=bot_rubber 
m_Surf-15, s_Surf-15 
** Interaction: top_rubber 
*Contact Pair, interaction=IntProp-1, mechanical constraint=KINEMATIC, cpset=top_rubber 
m_Surf-13, s_Surf-13 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, number interval=1, time marks=NO 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, number interval=50 
*Node Output 
U, V 
*Element Output, directions=NO 
ER, LE, S 
*Contact Output 
CFORCE, CSTRESS 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT 
*End Step*Surface, type=ELEMENT, name=_PickedSurf51, internal 
__PickedSurf51_S1, S1 
__PickedSurf51_S2, S2 
__PickedSurf51_S4, S4 
__PickedSurf51_S6, S6 
** Constraint: bom 
*Tie, name=bom, adjust=yes, type=SURFACE TO SURFACE 
_PickedSurf51, _PickedSurf50 
** Constraint: top 
*Tie, name=top, adjust=yes, type=SURFACE TO SURFACE 
_PickedSurf32, _PickedSurf31 
*End Assembly 
**  
** ELEMENT CONTROLS 
**  
*Section Controls, name=EC-1, ELEMENT CONVERSION=YES, CONVERSION CRITERION=TIME, KERNEL=CUBIC 
1., 1., 1. 
 
 
1, 0. 
**  
** MATERIALS 
**  
*Material, name=Glass 
*Density 
2440., 
*Elastic 
 7.17e+10, 0.21 
*Material, name=PVB 
*Density 
1100., 
*Elastic, moduli=INSTANTANEOUS 
 6.40816e+08, 0.485 
*Viscoelastic, time=PRONY 
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    0.392624,     0.,  1e-06 
    0.192255,     0.,  1e-05 
    0.209576,     0., 0.0001 
    0.126214,     0.,  0.001 
    0.056943,     0.,   0.01 
   0.0153601,     0.,    0.1 
  0.00325366,     0.,     1. 
   0.0010354,     0.,    10. 
 0.000773076,     0.,   100. 
 0.000105803,     0.,  1000. 
 0.000296029,     0., 10000. 
  0.00053151,     0.,100000. 
*Material, name=SGP 
*Density 
950., 
*Elastic, moduli=INSTANTANEOUS 
 8.22328e+08, 0.485 
*Viscoelastic, time=PRONY 
 0.0776697,     0.,  1e-06 
 0.0376492,     0.,  1e-05 
 0.0563157,     0., 0.0001 
 0.0650106,     0.,  0.001 
 0.0740945,     0.,   0.01 
 0.0931745,     0.,    0.1 
  0.118675,     0.,     1. 
  0.205514,     0.,    10. 
  0.181315,     0.,   100. 
 0.0536161,     0.,  1000. 
 0.0185692,     0., 10000. 
 0.0118055,     0.,100000. 
*Material, name=TPU2 
*Density 
1070., 
*Elastic, moduli=INSTANTANEOUS 
 2.83762e+08, 0.485 
*Viscoelastic, time=PRONY 
    0.420775,     0.,  1e-06 
    0.181137,     0.,  1e-05 
    0.192802,     0., 0.0001 
   0.0996961,     0.,  0.001 
   0.0475045,     0.,   0.01 
   0.0192837,     0.,    0.1 
  0.00903221,     0.,     1. 
  0.00414079,     0.,    10. 
  0.00307476,     0.,   100. 
  0.00230897,     0.,  1000. 
   0.0037179,     0., 10000. 
 4.45796e-05,     0.,100000. 
*Material, name=gelatine 
*Density 
968., 
*Eos, type=USUP 
1480., 1.92,   0. 
*Material, name="rubber gasket" 
*Density 
1060., 
*Hyperelastic, mooney-rivlin 
690000.,173000.,     0. 
*Material, name="rubber projectile2" 
*Density 
1090., 
*Eos, type=USUP 
1869., 0.5072,     0. 
**  
** INTERACTION PROPERTIES 
**  
*Surface Interaction, name=IntProp-1 
*Friction 
0., 
*Surface Interaction, name=IntProp-2 
*Friction 
0., 
*Surface Behavior, pressure-overclosure=HARD 
**  
** BOUNDARY CONDITIONS 
223 
 
**  
** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
Set-42, ZSYMM 
**  
** PREDEFINED FIELDS 
**  
** Name: Predefined Field-1   Type: Velocity 
*Initial Conditions, type=VELOCITY 
Set-7, 1, 0. 
Set-7, 2, 0. 
Set-7, 3, 106. 
**  
** INTERACTIONS 
**  
** Interaction: Int-1 
*Contact, op=NEW 
*Contact Inclusions, ALL EXTERIOR 
*Contact Property Assignment 
 ,  , IntProp-2 
** ---------------------------------------------------------------- 
**  
** STEP: Step-1 
**  
*Step, name=Step-1, nlgeom=YES 
*Dynamic, Explicit 
, 5e-05 
*Bulk Viscosity 
0.06, 1.2 
**  
** INTERACTIONS 
**  
** Interaction: bot_rubber 
*Contact Pair, interaction=IntProp-1, mechanical constraint=KINEMATIC, cpset=bot_rubber 
m_Surf-15, s_Surf-15 
** Interaction: top_rubber 
*Contact Pair, interaction=IntProp-1, mechanical constraint=KINEMATIC, cpset=top_rubber 
m_Surf-13, s_Surf-13 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, number interval=1, time marks=NO 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, number interval=50 
*Node Output 
U, V 
*Element Output, directions=NO 
ER, LE, S 
*Contact Output 
CFORCE, CSTRESS 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT 
*End Step 
